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Abstract 
Latex is a complex waterborne polymer colloid, which is used as the binder in paints 
and coatings. Because of its complexity and the universality of its use, the film 
formation of latex constitutes an important scientific and technological area of 
investigation. This research uses a variety of techniques of physical characterisation to 
probe latex film formation. Particular topics of investigation are surfactant 
distribution, effects of molecular weight, and the influences of particle size 
distribution and particle deformability. The concentration and morphology of 
surfactant after the completion of water evaporation is studied. It is shown that the air 
interface of an acrylic latex film is enriched in surfactant, as indicated by Atomic 
Force Microscopy (AFM) and Rutherford Backscattering Spectroscopy (RBS) 
measurements. The concentration of surfactant remains constant regardless of the film 
formation conditions, whereas its morphology evolves from a very thin layer to a 
dome-shaped feature at elevated temperatures and/or longer times. The results 
indicate a lateral transport of surfactant driven by the minimisation of surface energy. 
Additionally, the concentration of surfactant at the air interface is found to increase as 
a function of the age of the latex dispersion prior to casting and film formation. In 
other work, the surface roughness and void volume concentration of films prepared 
from latexes with varying molecular weights (Mw) are determined by ellipsometry 
and AFM. Low Mw latexes are found to have improved film formation characteristics 
in comparison to high, since both surface roughness and voids content are measured 
to be lower at equivalent increments above their respective Minimum Film Formation 
Temperature (MFFT). The effects of water plasticisation are investigated as a possible 
explanation of the improved film formation characteristics. Finally, the packing 
efficiency of films prepared from bimodal particle size distribution latexes is studied. 
It is found that when the large: small ratio of particle size is 6: 1, both void volume 
concentration and surface roughness of film-forined latex coatings are minimised at 
the critical concentration (V, ) of 16.5wt. % small particles, as predicted by the 
continuity theory. In addition, dynamic ellipsometry measurements carried out during 
the process of film formation show that: (a) in mixtures of large and small defom-lable 
particles, a single drying front is seen at and above V, whereas separate drying and 
coalescence fronts are seen below V, and, (b) in mixtures of deformable and non- 
deformable particles, separate drying and coalescence fronts are always observed. 
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Chapter I 
Introduction and Overview 
Over 22 million tonnes of paints and coatings were produced worldwide in 1994 
valued at $65 billion. The overall demand from 1994 to 1999 was expected to increase 
at average annual rates of 1-2% in the United States and 2-2.5% in Western Europe. 
Latex paints used in architectural applications accounted for 30-35% of the total 
(Linak et al., 1999). 
Latex is a waterborne polymer system in which the polymer is in the form of spheres 
colloidally dispersed in water (Keddie, 1997). The most attractive component of latex 
is the water, which replaces the conventional organic solvents used in paints and 
coatings. Until the 1970s, most of the coatings produced by the industry were 
conventional low-solids, solvent-based forinulations, which provide an excellent 
quality film but are also damaging to the environment because of the toxic oxidants 
that they emit into the atmosphere. These emissions are believed to be the primary 
cause of photochemical smog and ozone pollution (Geurts et al., 1997). Additionally, 
there is a concern about the adverse effects of solvents on human health. 
In the latte 1970s, strict government regulations on air pollution control focused on 
industrial coating production, stimulating a turn from a polluting technology (organic- 
solvent based systems) to one that is more benign (low-solvent and solventless 
coatings), that reduces the emission of Volatile Organic Compounds (VOCs) (Linak 
et al., 1999). Because latex is a waterborne system, it is environmentally safe, which 
makes it attractive for industrial and domestic applications. 
Latex film formation is considered to be a three-stage procedure (Dobler et al., 
1996 a, b ). Initially the dispersion is cast on a substrate and water is let to evaporate. In 
the second stage, particles come closer together and deform because of capillary and 
surface tension forces. In the third stage, polymer interdifftision occurs at the particle 
contact areas. The properties of the polymer used (e. g. its glass transition 
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temperature), the particle size and the environmental conditions (temperature and 
humidity) are some of the parameters that affect the process of film formation. 
Additionally, the use of surfactants for stabilisation purposes and the use of salts for 
polymensation initiation also play a significant role that needs to be investigated 
further. All these parameters influence the properties of the end film, such as 
permeability, vi sco elasticity, wetting, adhesion, durability, mechanical toughness, etc. 
Thus, latex is a multi-component system, where numerous parameters affect both the 
film formation process and the physical properties of the final film. 
Although a lot of work has been done over the past half a century, there are still issues 
that cause disagreement and debate, such as the role of water in film formation (Lin et 
al., 1995). Under these circumstances, studying latex film formation becomes an 
important research objective for both academia and industry. When all the parameters 
that affect the fon-nation of a latex film are well understood, then the origins of good 
film performance can be determined, so that improved film quality can be achieved 
with a new technology that is safe to the environment. 
A background on latex synthesis and latex film formation is provided in Chapter 2. In 
this Chapter, the stages of film forination are reviewed in detail, as well as the main 
theories of particle deformation and coalescence (dry-sintenng, capillary forces and 
wet sintering). The role of surfactant and its fate after the completion of film 
formation is also considered. The parameters (such as the molecular weight) that 
affect the mechanical properties of a latex film are discussed here. Furthermore, the 
packing properties of bimodal particle size latex dispersions, an issue of ongoing 
investigation and concern, is reviewed. Two main strategies (fon-nation of colloidal 
crystals and formation of continuous phases) that attempt to improve the packing 
characteristics are discussed along with some previous work in the area. 
The experimental techniques used for surface and bulk analysis of the films are 
explained in Chapter 3, with relevant background theory showing what information 
can be obtained using each technique together with their respective principles of 
operation. The main techniques used in the work presented in this thesis are: 
a) ellipsometry, as a means for non-invasive, optical and morphological 
characterisation of the films under investigation. Ellipsometry provides 
2 
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quantitative information concerning the bulk void concentration and the surface 
roughness of latex films as well as time-dependent information during the process 
of latex film formation. It is sensitive to such things as drying characteristics of 
the latex dispersion and to particle deformation and coalescence. 
b) Atomic Force Microscopy (AFM) for analysis of the topography and the 
viscoelastic (or frictional) properties of the surface. The basic principles of 
operation for contact mode and lateral force microscopy, as well as tapping and 
phase mode, are discussed. Scanning Electron Microscopy (SEM) is another 
microscopic technique used to provide morphological infonnation about film 
cross-sections. 
c) Rutherford Backscattenng Spectroscopy (RBS) was employed for chemical 
characterisation of the surface and also depth profiling of a certain element, as a 
function of the distance into the sample from the surface. 
In Chapter 4, the morphology and concentration of surfactant species at the 
polymer/air interface after the completion of water evaporation is investigated as a 
function of the film formation temperature and time for films prepared from a high 
molecular weight latex dispersion. In Chapter 5, the effect of ageing of the dispersion 
prior to film formation on the surfactant concentration at the air surface is studied. 
The drying characteristics of films prepared from different molecular weight latexes 
with respect to the evolution of their void volume concentration and surface 
roughness are investigated and reported in Chapter 6. In the same Chapter, 
experimental results concerning differences in the surfactant morphology at the 
polymer/air interfaces of films prepared from low molecular weight latex dispersions 
are presented and compared to the results acquired from films of high molecular 
weight latex, presented in Chapter 4. 
In Chapter 7 the packing properties and drying characteristics of bimodal particle size 
distribution latex dispersions during the process of film formation are discussed. The 
film formation characteristics,, with respect to the void volume concentration and 
surface roughness, of bimodal dispersions with varying concentrations of the two 
particle sizes are discussed. The film formation of blends containing large and small 
deformable (i. e. Tg = 20 OC) particles are compared to blends containing both 
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deformable and non-deformable (i. e. Tg =: 80 OC) particles. The concept of the 
continuity theory is taken on board in order to explain the experimental results. 
Finally in Chapter 8, future work concerning latex film formation is discussed. 
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Chapter 2 
Latex and Film Formation 
2.1 Introduction 
Acrylic latex dispersions are gaining increasing attention in the modem world because 
of the universality of their applications. They are produced by emulsion 
polymensation of acrylic monomers, such as alkyl esters of acrylic and 
methacrylic acid (Eliseeva et al., 198 1). 
The use of acrylic and methacrylic monomers has numerous advantages, which 
explain their extensive industrial use. One of the main advantages is that they 
copolymerise very well with each other, which provides a huge number of attainable 
compositions and physical properties (Padget, 1994). Such properties are the glass 
transition temperature (Tg), which can vary from -80'C to 1000C, and solubility, 
which can vary from oil soluble to highly solvent insoluble (Lovell et al., 1997). 
Additionally, as Lovell (1997) pointed out in his book, acrylic polymers provide the 
ability to incorporate a broad range of functional chemical groups into the polymer 
chain. These functional groups can provide sites for crosslinking, adhesion, 
compatibility with other polymers, post-polymensation reactions, etc. Furthermore, 
acrylic particles can be synthesised to have various morphologies, such as spherical or 
non-spherical, and sizes, which can vary from 50 nin to 500 nm, with homogeneous 
or heterogeneous polymer compositions (e. g.: core-shell, multiple inclusions within 
particles and voided particles). 
These properties allow a variety of applications ranging from very soft adhesives, to 
film-fon-ning but tough latex paints, to hard floor polishes and organic pigments. 
Other applications of latex are textiles and non-woven fabrics, reinforcing fibre 
coatings, gloves, waxes, graphic arts, paper, sealants and cement additives and 
coatings for drug delivery (Keddie, 1997). 
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In this Chapter, latex emulsion polymensation is discussed followed by the most 
important theories and previous experimental findings concerning latex film 
formation. 
2.2 Acrylic Latex Emulsion Polymerisation 
Acrylic latexes are produced by fTee-radical emulsion polymerisation, where one 
acrylic monomer or a number of monomers are polymerised in an aqueous medium 
(Padget, 1994). A free radical initiator, which is usually water soluble, is used to 
polymerise a free radical polymensable monomer. Usually the monomers are water 
insoluble, which is why acrylic or methacrylic acid is normally used. In the majority 
of cases the monomers and surfactant are mixed with water, in order to form a pre- 
emulsion. This pre-emulsion is then fed into the reaction vessel, where the 
polymensation takes place. The polymerisation usually occurs at atmospheric 
pressure, temperature between 60' and 900C and at pH values between 3 and 9 (Lovell 
et al., 1997). 
There are three emulsion polymensation processes: batch, semi-continuous batch and 
continuous (Lovell et al., 1997). In the batch process the monomers are added first to 
the reactor. The polymerisation starts as soon as the initiator is added and it is very 
rapid. It is followed by an increase of temperature, while at the same time the 
formation and growth of latex particles occurs. The polymerisation can be controlled 
by adjusting the rate of removal of the heat generated. 
In the semi-continuous batch, the monomers are introduced slowly in the reaction 
vessel over a period of time, which can be up to several hours (Lovell et al., 1997). 
During the reaction, the temperature of the reaction vessel is maintained at a constant 
value by continuous cooling. The semi-continuous batch polymensation provides 
more precise control of the number of particles produced, particle morphology and 
colloidal stability. A combination of batch and semi-continuous batch is also possible. 
In the continuous polymensation procedure all the ingredients are fed continuously in 
a tank as they are being stirred simultaneously. The latex produced is removed at the 
same time as the polymerisation. This method provides good temperature control. 
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The choice of the polymerisation process is determined by various parameters, such as 
the solids content of the product required, the polymensation kinetics of the polymer 
used, and the rate at which the heat can be removed from the reactor. 
22.1 Role o Surfactant in Latex Emulsion Polymerisation !f 
The surfactant (also referred to as emulsifier) is a surface-active molecule, which 
consists of a hydrophilic head and a hydrophobic tail (Porter et al., 1991). The 
hydrophilic group has a strong affinity to water, in contrast to the hydrophobic group 
(usually a hydrocarbon single or double chain), which has a strong affinity for the 
polymer phase of the latex particles. 
Surfactants are almost always present in a latex dispersion. Their presence is essential 
since they provide sites for particle nucleation during the polymerisation, as well as 
providing colloidal stability to the growing particles as a result of their adsorption at 
the particle/water interface. Particle colloidal stability is necessary in order to avoid 
sedimentation, phase separation, coagulation or flocculation and changes in viscosity 
when the latex is stored or applied onto surfaces (Lovell et al., 1997). 
More about the behaviour of surfactant in the water phase and in a latex dispersion 
and about the possible fate of surfactant during the process of latex drying and film 
forination will be discussed in detail in Section 2.4. 
2.3 Latex Film Formation 
23.1 Minimum Film Formation Temperature (MFT) 
When a latex dispersion is deposited onto a substrate and let to dry under appropriate 
conditions then a continuous and homogeneous film will be formed (Keddie, 1997). 
This process is called film formation. The formation of a film arises from particle 
packing and coalescence. The particles are initially held apart in the liquid state due to 
electrostatic and/or steric repulsive forces, which are a result of the charged polymer 
chain end group or surfactant. Because of water evaporation, the particles overcome 
the repulsive forces and they are forced to come in contact with each other. 
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The temperature at which there is formation of a continuous transparent and crack- 
free film is dependent on the Minimum Film Formation Temperature (MFFT or for 
simplicity MFT) of the polymer. The MFT is defined as the lowest temperature at 
which the forces that drive deformation overcome the forces that resist it (Keddie et 
al., 1997). There are three different definitions of MFT: the optical MFT is the 
temperature where turbidity disappears, the crack MFT is the point where cracks 
disappear, and knife-point MFT is where the film is mechanically tough (Keddie, 
1997). 
The MFT is an important parameter affecting film formation that has occupied a lot of 
time and scientific effort over the years. It was shown that the MFT of a copolymer 
with hydrophilic properties is lower than the Tg of the copolymer since the water acts 
as a plasticiser (Brodnyan et al., 1964). Surfactant might also plasticise the polymer, 
as will be discussed later, lowering the Tg, Many scientists have experimental 
evidence suggesting that the MFT is a function of the particle size (Eckersley et al., 
1990, Jensen et al., 1991 and Sperry et al, 1994). In particular the MFT increases as 
the particle size increases. When the latex is polydisperse in size, then the experiments 
suggest that the MFT is proportional to the number average particle diameter (Geurts 
et al., 1997). 
The apparatus used to measure the MFT consists of a bar onto which the latex is 
applied. The temperature across the bar varies from one end to the other. Dry air 
passes from the top of the sample. The latex appears to be optically clear at higher 
temperatures and cracked at lower. This apparatus has been used extensively by 
industry in order to determine the lower temperature range over which a latex can be 
used. 
23.2 Stages of Film Formation 
It is generally accepted that the mechanism of film-formation can be somewhat 
arbitrarily divided into four stages, as explained below (Figure 2.1): 
Stage 1: Water evaporation and particle flocculation: The particles move 
initially with Brownian motion. Water evaporates from the wet latex surface, and 
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the latex dispersion becomes more concentrated (Sheetz, 1965). Vanderhoff and 
co-workers (1973) suggested, that at this stage water evaporates from the surface 
with a normal drying rate. Croll (1986) agreed that initially water evaporates from 
the surface with a constant drying rate, but he suggested a different mechanism. 
He envis -. d that the water level recedes into the coating towards the substrate, 
forming a dry porous layer on top. Below this porous and dry top layer there is the 
transition layer, which consists of closely-packed particles in water on top of a 
water layer containing mobile particles. At this stage the rate-limiting process is 
the escape of the water vapour through a percolated network of voids. He argued 
that percolation rates are not very sensitive to the thickness of the dry phase. 
-therefore, the drying rate is constant at this stage and it is equal to 85% the drying 
rate of water alone. The rate was reduced from the normal drying rate of water as 
a result of particles reducing the overall surface area. 
As water evaporates, the particles come closer together, which restricts their 
motion because of significant repulsive interaction between the electrical double 
layer of the particles. At a certain point, Brownian motion is no longer possible. 
At this stage, the polymer particles are just touching each other, forming a 
"flocculated network", which is considered to be open (Hwa, 1964). The point at 
which flocculation occurs is called the flocculation or floc point. At this point the 
particles are held together with van der Waals forces, but they are not yet in close 
contact. There is experimental evidence suggesting that the average particle 
distance before flocculation is about 13 rim and after flocculation is 3 nin (Hwa, 
1964). 
e Stage 2: Particle close packjag: This stage begins when the particles are closely 
packed into a three-dimensional array. The polymer particles are still intact and 
there is still some remaining water in the particle interstices. 
0 Stage 3: Particle Deformation: Since the particles are now in contact, forces start 
to act between them to ensure particle deforination with the ultimate result of the 
closure of all void space. Particle boundaries still exist at this stage. Particle 
deformation depends on the glass transition temperature of the polymer. Low Tg 
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polymers deform at lower temperatures than high Tg ones. There are three forces 
that can cause deformation: particle/air interfacial tension (dry sintering) (Dillon 
et al, 1951), air/water interfacial tension (capillary theory) (Brown, 1956) and 
particle/water interfacial tension (wet sintering) (Vanderhoff, 1970). Particle 
deformation will be discussed in detail in section 2.3.3. 
Experimental evidence suggests that at this stage a reduction in the drying rate 
occurs (Vanderhoff et al., 1973). According to the Vanderhoff drying theory, 
when particle deformation takes place the drying rate reduces as a result of 
increased coalesced regions, which decrease the total area of water/air interfaces. 
The water vapour escapes either through the channels between the particles or by 
diffusion through the polymer. 
Croll's model also predicts a reduction in the drying rate, not because of the 
increase of coalesced regions, as suggested by Vanderhoff, but because of changes 
occurring in the wet region inside the film (Croll, 1986). However, when the 
porosity of the film reaches a value as low as 8% (as a result of particle 
coalescence), then the water loss rate is governed by diffusion of water through 
the polymer, which results in slowing down of the drying rate. 
* Stage 4: Autohesion: The hydrophilic membrane, which consists of surfactant 
and/or water-soluble polymer, breaks down and interdiffusion of the polymer 
chains from one particle into the neighbouring particles takes place (Kim et al., 
1993 and Yoo et al., 1990). The interfaces between particles disappear. The 
particles lose their identity completely and a homogeneous and continuous film is 
formed. As a result, the film properties, such as water penneability and 
mechanical strength, change significantly at this stage. This stage only takes place 
when the Tg of the polymer is lower than the temperature of film formation. 
Figure 2.1 illustrates the stages of film formation as described above. Each of the 
stages of film formation (drying, particle packing, particle deformation and 
autohesion) is described by various scientists over the years. Below we review the 
models that attempt to explain stage III of film formation, i. e. particle deformation, 
5 
which is related to the work presented in Chapter, 6 and 7. 
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2.3.3 Models ofLatex Particle Deformation 
2.3.3.1 Dry Sintering Theory (Particle/Air Interfacial Tension) 
Dillon and coworkers (Dillon et al., 1951) were the first to develop a theory 
concerning latex particle deformation, which is called the Dry Sintering Theory. 
They suggested that the particles deforin after the evaporation of water. Their theory 
is based on Frenkel's work, who described the welding of particles (Frenkel, 1945). 
According to Frenkel's theory, the particle-air interfacial tension, YPA, is pnmanly 
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responsible for particle deforination. Particles are subjected to a pressure, P, which is 
given by the following equation: 
C'7PA IR 
ý (2.1) 
where C is a constant, and R is the radius of the particles. The particles lose their 
shape by viscous flow. The surface tension provides the necessary shearing stress. 
Frenkel derived an equation which relates the angle of defon-nation, 0, (see Figure 
2.2) to the material viscosity'q, as a function of time, t: 
02 =3. )IpA tl2. lT. q. R 
Figure 2.2: Schematic representation of particle coalescence. 
(2.2) 
Dillon et al. (1950) calculated the relationship between the apparent diameter H of 
contact, as a function of the defonnation angle 0 (see Figure 2.2), and the radius of the 
particles R. As can be seen in Figure 2.2, H is given by the following equation: 
H=2-R-Wo (2.3) 
where 
1 
wo =R-x=R-R. cos0=R. (1-cos0)=-. R. i92 (2.4) 2 
thus, 
H=2-R- 
1-R. 
02 (2.5) 
2 
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The authors used electron microscopy to measure the neck formation between 
particles based on either polystyrene or a copolymer of 75% vinyl chloride and 
25% vinylidene chloride. They found excellent agreement between their 
experimental results and the Frenkel theoretical predictions. 
2.3.3. ]. 1 Extension of the Dry Sintering Theory 
Other researchers supported the dry sintering theory and added more details by 
performing additional experiments. One of them was Sperry and his coworkers 
(1994). They performed MFT experiments as a function of the hydrophilicity or 
hydrophobicity of the particles, time, particle size and water content. They film 
formed on the MFT bar in the conventional wet form (W) or they dried the polymer 
well below the Tg and then heated up the bar (D). The environment was either humid 
(H) or dry (D), achieved with a flow of dry air above the film. They found that for 
hydrophobic polymers the wet MFT, measured under WH conditions, is identical to 
the dry MFT measured under DD conditions. Thus, in the case of hydrophobic 
polymers, water does not play an important role in the particle deformation procedure. 
The authors did not perform experiments to determine the force that causes 
deforination. 1rherefore) they assumed that particle deformation occurs because of 
either particle-air interfacial tension or van der Waals forces or the adhesion forces 
according to the Johnson-KendalRoberts theory (1971). For hydrophilic polymers, 
the wet MFT was found to be 10 T lower than the dry MFT, which was attributed to 
a water plasticisation effect. 
Ot ý jqq6 
Keddie et al. (1995P) used multiple-angle-of-incidence ellipsometry and 
environmental scanning electron microscopy to study the kinetics of film formation of 
latex. Ellipsometry is sensitive to the passage of the drying and coalescence fronts 
normal to the latex surface and in plane of the film. They concluded that the position 
of Tg with respect to the temperature of film fori-nation is the most important 
parameter. With a temperature well above the Tg, the drying and coalescence occur 
simultaneously and a turbid film becomes gradually optically clear. There is no 
evidence for an intermediate region or flocculated region as described by Hwa et al. 
(1964). Water evaporation was considered to be the rate-limiting step. At 
temperatures closer to the Tg, the passage of separate drying and coalescence fronts in 
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the plane of the film is evident. In this case, water evaporation occurs first and then 
particle deformation, which is driven by polymer surface tension and enabled by 
viscous flow of polymer. Particle defori-nation is now the rate-limIting step. 
The drawback of the dry sintering theory is that although it takes into account the 
viscous properties of the particles, it ignores the elastic deformation. Nevertheless in 
the case of latex hydrophilic particles aged in dry air for several days, the amount of 
water still apparent can be considered as negligible, and thus the dry sintering theory 
is considered to be adequate to explain the increase of the density of the film over 
time. 
2.3.3.2 Capillary Theory (Air/Water Interfacial Tension) 
Brown (1956) disagreed with the dry sintering theory and argued that air/water 
interfacial tension is the main driving force for particle deformation. He noted that 
evaporative drying of the latex finished at the same time as optical clarity developed 
and therefore the polymer/air interfacial tension is not significant. 
Brown proposed a model where the polymer particles are represented by elastic 
spheres drawn together and compressed as interstitial water evaporates from the 
surface. He suggested that there are forces that promote deformation such as, van der 
Waals attraction (Fvw), gravity (Fg), surface tension forces (Fs) and capillary forces 
(Fc), and forces that resist deformation, such as electrostatic repulsion (Fel) and elastic 
resistance of particles to deformation (FG). Deformation of particles will take place 
when the promoting forces are larger than the resisting ones. Thus 
Fvw + Fg + Fs + Fc > Fel + FG (2.6) 
Brown proposed that Fvw, Fg, FS and F, j are negligible, and therefore the conditions 
for defonnations are reduced to: 
Fc>FG - 
The capillary pressure is given by the equation: 
(2.7) 
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PC = 12.9 
7WA 
R 
where 7WA is the water air/interfacial tension. 
(2.8) 
Brown obtained the capillary forces by multiplying the capillary pressure by the 
contact area between the particles. The resistance of the polymer was taken into 
account by assuming that the polymer's behaviour is elastic. Therefore, in order for 
deformation to take place, the following inequality should be valid: 
G<357WA/R, (2.9) 
where G is the shear modulus of the polymer. The main drawback of Brown's 
approach is that it considers only elastic deformation, although Brown noted that the 
description of the mechanical deformation of polymer particles would be improved by 
taking into account both the elastic and viscous components. 
Later Mason (1973) pointed out that when Brown calculated the capillary forces he 
took the respective capillary and elastic pressures, PC and PG to act over the same 
undefined area A. Mason suggested that the areas over which PC and PG act will not 
be equal in general. PC will act over an area where the capillary and the polymer 
spheres are in contact, and PG will act only over the area of contact between two 
spheres (Figure 2.3). 
In equilibrium the capillary force must equal the elastic force. Mason repeated 
Brown's calculations, and he obtained that the condition of film formation then 
becomes: 
G< 67.6 YWA/R - (2.10) 
He corrected the previous inequality by taking into account that the size of the voids 
reduces during the deforination process. Therefore, the curvature of the water/air 
interface increases and so will the capillary forces. Thus the inequality (2.10) 
becomes: 
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G<2667WA/ R, (2.11) 
which differs from Brown's criterion (equation (2.9)) by a factor of 7. 
Fa re Figure 2.3: Principles of the capillary theory. Theii lustrates the different areas over which 
capillary pressure (Pc) and elastic pressure (PG) act. The capillary pressure Pc acts over the 
area where the particles are in contact with water. The elastic pressure PG acts only over the 
area where the particles are in contact with each other. 
2.3.3.2.1 Extension of the Capillary Theory 
Eckersley and Rudin (1990) determined the viscoelastic characteristics of the 
polymers and evaluated quantitatively the film formation theories. They used SEM to 
measure the radius of contact between particles, and they also calculated the 
theoretical values of contact radius based on capillary and interfacial forces. 
According to their results, the coalescence caused by capillary forces is much smaller 
than the experimentally observed coalescence. Therefore, they suggested that in order 
to get better agreement between experimental and theoretical results, particle-water 
interfacial tension should be taken into account. 
Keddie and his co-workers(1995 a) used multiple-angle-of-incidence ellipsometry and 
environmental SEM to charactense the microstructure of acrylic latexes with varying 
glass transition temperatures during all stages of film formation. They suggested that 
the film formation occurs during an inten-nediate stage (11) between stage 11 (close- 
packed array with water-filled interstices) and stage III (densely-packed array of 
defonned particles). The onset of Stage II* occurs when there is less than about 15 
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volume percent of water in the latex. At this stage there is a sharp change in the 
refractive index and extinction coefficient. Additionally, in a film-forming latex the 
time until the onset of optical clarity does not depend on the polymer's viscous 
properties. A soft latex can deform and flow to eliminate these voids in tandem with 
the continuous loss of water. In contrast, a latex close to its T is unable to deforin at a 9 
fast enough rate to eliminate the voids created by water evaporation. Thus, the 
particles identity and voids are retained during stage II*, even though optical clarity 
has been attained. 
Lin and Meier (1995,1996) studied the effect of capillary pressure on the kinetics of 
film formation for dry and wet conditions. They used poly (iso-butyl methacrylate) 
(PIBMA), which is a hydrophobic polymer. The Tg of PiBMA, which was determined 
by differential scanning calorimetry (DSQ, was shown to remain the same both under 
wet and dry conditions. Thus, there is no plasticisation of PiBMA caused by water. 
Atomic Force Microscopy (AFM) was employed to measure the corrugation height 
(peak-to-valley distance) of latexes under wet and dry conditions. The corrugation 
height progressively decreased as the film formation proceeded. Particles were 
defon-ned in both wet and dry conditions. In the dry state, film formation was driven 
by the polymer surface tension alone, while in the wet case there are additional factors 
for film formation arising from the water/air interface (capillary pressure) and from 
the water/polymer interface. The data indicate clearly that the film fon-nation 
proceeded much more rapidly (10 times faster) in the wet-saturated atmosphere than 
in the dry air. Since the water plasticisation is excluded, the only reason for the 
enhanced rate of film formation in the wet conditions is the capillary forces arising 
from water condensation in the interstitial space. The authors calculated the capillary 
pressures, and they were found to increase as water content decreases and to reach 
very high values with very low amounts of water in the interstitial regions. 
2.3.3.3 Wet Sintering (Polymer/Water Interfacial Tension) 
The wet sintering theory was developed by Vanderhoff (1970,1972) in order to 
explain the deformation of large particles. As was seen in Equation 2.8, the capillary 
pressure is inversely proportional to the particle radius. Thus for small particles, 
capillary forces are considered to be strong enough to cause deformation. On the other 
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hand, if the particle radius is large, then the capillary forces are not strong enough to 
cause defonnation, and an alternative solution is required. 
According to the wet sintering theory, the main driving force for the defonnation 
between two particles in contact is the particle-water interfacial tension. Vanderhoff 
(1970) suggested that water/air interfacial tension initially forces the particles into 
close contact. These forces also rupture the stabilising layer of the particles, which is 
made out of electric double layer and surfactants, until the particles achieve 
polymer/polymer contact. According to Young and Laplace equation (2.12), the 
pressure gradient applied during coalescence is a function of the radii, r, and r2, 
shown in Figure 2.4. 
AP = P2 - Pý = 7WA 
1+2 
(2.12) 
rl r2 R 
r, is related to the thickness of the double layer created by surfactants adsorbed at the 
surface of the latex particles. It is therefore also related to the wetting properties of the 
particles and whether they remain constant with coalescence. 
P1 
Figure 2A Vanderhoff model: The radii r, and r2are shown. 
When the two latex spheres come in contact with each other, a neck is formed as 
shown in Figure 2.4. The pressure gradient pushes the polymer from the particle 
centre towards the contact zone. Vanderhoff came up with two models in order to 
explain how the neck evolves during the deformation procedure. According to 
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Model 1, r, remains constant, while r2 increases with 0, which represents particle 
coalescence. In Model 11, both r, and r2 increase with coalescence. Model I predicts 
that the pressure gradient AP increases with deformation and it is larger for large 
particles. On the other hand, Model 11 predicts a decrease of pressure as deformation 
proceeds and that it is lower for larger particle size. 
Vanderhoff realised the difficulty in proving experimentally the wet-sintering theory. 
Nevertheless some expenmental work has been done, which supports his theory as 
will be discussed below. 
2.3.3.3.1 Extension of the Wet Sintering 
Sheetz (1965) was the first to provide some verification of the wet-sintering theory. 
He performed gravimetric measurements of agglomerated latexes. The solids content 
of the agglomerates was initially 62.3%. The agglomerated particles were then 
removed from their dialysis bags and placed in deionised water heated up to 36 OC for 
2 hours, which caused an increase in the solids content to 84.8%. Further heating 
caused further increase of the solids content to 87.2%. When the agglomerated latex 
was placed in an aqueous solution with I% of surfactant, the solids content increased 
only to 66.2%. These experiments showed that particles can deform under the 
influence of the particle-water interfacial tension. 
Dobler et al. (1992) did an even more extended study. They performed systematic 
measurements of the solids content of latexes as a function of time, temperature, 
surfactant adsorption, and neutralisation of methacrylic acid incorporated in the 
particles. They used a series of latexes with core-shell particles with the same bulk 
properties and diameter but different surface characteristics. It was proven that the 
particle-water interfacial tension was indeed capable of causing particle deformation 
even at temperatures below the Tg- 
In conclusion , it is accepted 
that the wet sintering theory is difficult to be proven 
experimentally although there is experimental evidence suggesting that the 
polymer/water interfacial tension does influence the deformation process (Dobler et 
al., 1992). 
19 
Chapter 2: Latex and Film Formation 
The overall conclusion of the above-mentioned researchers that investigated particle 
deformation is that the capillary forces on their own are not always strong enough to 
cause particle deformation (Eckersley et al., 1990). However, if the capillary forces 
are accompanied by another driving force then they are sufficient to cause 
deformation and coalescence. In general, particles with low glass-transition a 
temperature are deformed in the presence of water (Keddie et al., 1995)ý WICIhIen the 
particles have a high glass transition temperature they remain undefon-ned by water 
and therefore another force is required to cause coalescence. In these cases it is either 
wet or dry sintering which drive the deformation. 
2.4 Role of Surfactant 
2.4.1 Behaviour ofSurfactant in Aqueous Solutions 
As mentioned earlier, surfactant is a surface-active molecule, which consists of a 
hydrophilic head and a hydrophobic tail (Porter et al., 1991). When surfactant 
molecules dissolve in water then the hydrophobic group distorts the structure of water 
and therefore increases the free energy of the system. Thus the surfactant molecules 
prefer to concentrate at the particle/water interface, where the hydrophobic group is 
directed away from water in order to minimise the free energy. Formation of 
surfactant micelles also reduces the free energy. In a micelle the hydrophobic group is 
directed towards the interior in an attempt to avoid being in contact with water 
molecules and the hydrophilic group points toward water. 
In anionic and cationic surfactants, the head group is negatively or positively-charged, 
respectively. In a micelle, the charged-head groups will be in close proximity to each 
other, and they will experience electrostatic repulsion. These electrostatic repulsions 
cause an increase in the ftee energy of the solution. Therefore the fonnation of 
micelles, and at what concentration this occurs, depends on the balance between the 
forces that encourage and the forces that oppose the formation of micelles (Kaler et 
al., 1992). 
In dilute solutions of surfactant in water, the majority of the surfactant is adsorbed at 
the water/air interface. When more surfactant is added and the water/air interface is 
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saturated with surfactant, then the rest of the surfactant molecules remain in the bulk 
of the liquid, where there are no sites for potential adsorption. Thus, above a certain 
concentration the surfactant in the bulk will start forining micelles. The concentration 
at which micellization occurs is called the Critical Micelle Concentration (CMC) 
(Shinodo et al., 1963). Thus, the forination of micelles above the CMC concentration 
is energetically favourable. 
In an aqueous solution, the micelles minimise the contact of the hydrophobic 
hydrocarbon chain with water. The aqueous phase is believed to penetrate into the 
micelle beyond the hydrophilic head groups and the first few methylene groups of the 
hydrophobic chain. The interior region of the micelle can thus be divided into the 
outer core where water can penetrate and the inner core where water is eliminated. 
The shorter the surfactant molecule, the smaller will be the reduction of energy of the 
system resulting from aggregation, and the higher the concentration necessary to 
produce micelles (Rosen, 1989). 
The shape and size of the surfactant micelle is governed by the "surfactant number", 
given as u/(x(, Ic, where u is the volume of the hydrophobic portion of the surfactant, Ic 
is the length of the hydrophobic group, and (xO is the head group area of the surfactant 
molecule. Different values of the surfactant number are compatible with different 
geometric shapes of the aggregate. In general it is accepted that when the surfactant 
number is smaller than 1/3, the preferred form of aggregation is spherical micelles, 
while when the surfactant number is larger than 1/3 and smaller than 1/2, then 
cylindrical micelles are formed. When it is greater than 1/2 but smaller than I then 
curved bilayer vesicles are formed; and when it is greater than 1, then flat bilayers are 
formed (Kaler et al., 1992, Israelachvili et al., 1977). 
Surfactants with bulky hydrophilic groups and long, thin hydrophobic groups tend to 
form spherical micelles, while those with small hydrophilic groups and short and 
bulky hydrophobic groups tend to form lamellar or cylindrical micelles (Israelachvili 
et al., 1977). The minimum number of surfactant molecules required to form a micelle 
of a certain shape is the aggregation number. Changes in the temperature, 
concentration of surfactant, additives in the aqueous phase, and structural groups in 
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the surfactant may all cause changes in the size, the shape and the aggregation number 
of the micelle. 
2.4.2 Behaviour ofSurfactant in a Latex Dispersion 
In a latex dispersion the surfactant has more sites for possible adsorption in 
comparison to the aqueous solution. Some of the surfactant molecules will migrate to 
the water/air interface of the latex dispersion, and some will adsorb on the surface of 
the polymer particles. In both cases the hydrophobic tail will be oriented either away 
from the water (at the water/air interface) or it will be inserted towards the polymer 
phase (at the water/polymer interface). The adsorption of surfactant at the outer 
surface of the polymer particles occurs in a state of dynamic equilibrium when the 
rate of adsorption equals the rate of desorption (Clint, 1992). When the CMC value is 
exceeded, formation of micelles will occur in the serum of the latex dispersion in the 
same way that it occurs in an aqueous solution. 
24.3 Effect of Surfactant on Water Evaporation and Particle 
Packing 
Several scientists presented experimental data supporting the idea that surfactant 
affects both the mechanism of latex drying and the rate of water evaporation. It is 
reported that when the surfactant fonns a monolayer at the polymer/air interface and 
the air above is moving, then the drying rate slows down (Okubo et al. 1981). In a 
latex dispersion there are two sites of surfactant adsorption: the water/air and the 
polymer/water interfaces. There is at least one study where it is suggested that the 
majority of surfactant adsorbs at the polymer/air interface (Kients et al., 1993). When 
the water evaporates, then it is expected that the surfactant desorbs from the particle 
surface and thus more surfactant adsorbs at the water/air interface. 
Other studies illustrate the opposite effect, which is that surfactant accelerates the 
evaporation of water (Isaacs, 1966). Winnik and Feng (1996) also did experiments to 
clarify this point by adding extra SDS to acrylic latex. They found that the drying rate 
increases with addition of SDS- They suggest that surfactant creates a hydrophilic 
membrane that aids water evaporation. 
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As far as particle ordering is concerned , it was proposed that addition of surfactant 
allows closer packing because it delays flocculation (Isaacs et al., 1966). On the other 
hand, presence of extra surfactant in the film worsens the quality of the film probably 
because of the existence of two separate phases, the polymer phase and the surfactant 
phase. Later studies employed AFM to investigate the effect of surfactant 
concentration on particle ordering, and these found that when the particles are fully 
covered with surfactant the degree of ordering is very high, while a further increase of 
surfactant destroys the ordering of the particles Quhue et al., 1993,1994). 
Additionally when the surfactant forrns a monolayer of coverage then the permeability 
is minimised (Roulstone et al., 1992). 
2.4.4 Fate o Surfactant after Completion of Film-Formation ýf 
The fate of surfactants during latex film formation has been a subject of ongoing 
research, and this topic has been reviewed recently (Keddie, 1997). Depending on the 
solubility of the surfactant in the latex polymer and their relative surface energies, 
there are three primary outcomes for the surfactant upon film formation as outlined by 
Kientz and Holl (1993): 
(1) surfactant dissolution in the polymer and possible plasticization; 
(11) formation of a continuous membrane at the internal polymer/polymer interfaces; 
and 
(III) phase separation of surfactant from the latex polymer. 
2.4.4.1 Latex Solubilization by Surfactant 
The idea of solubilization and plasticisation of the polymer by surfactant has been 
supported by various workers in the past (Edelhauser, 1969, Vijayendran et al., 1981, 
Roulstone et al., 1992, Eckersley et al., 1993 and Kientz et al., 1994). 
Different amounts of sodium dodecyl benzene sulphate (SDS) and sodium dodecyl 
benzene sulphonate (SDBS) were added to a poly (vinyl acetate) (P(VAc)) based 
latex. It was shown that the surfactant penetrates the latex particles and causes 
plasticisation (Edelhauser, 1969). The surfactant is first adsorbed at the surface of the 
polymer particle and then it penetrates into the polymer (Vijayendran et al., 1981). 
These authors experimented with different types of surfactants, and they noticed that 
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not all of them behave in the same way. Some surfactants are adsorbed at the surface 
of the polymer particles and then penetrate, and others remain adsorbed without 
penetrating. They concluded that the behaviour of the surfactant is a function of the 
size, shape and charge density. 
Additionally, it is believed that the non-ionic surfactants, as opposed to the anionic 
and cationic surfactants, have plasticising properties. C12E4 (dodecyl 
tetraoxyethylene glycol monoether) was studied in a latex based on P(BMA) by 
transmission electron microscopy, and it was shown that the surfactant is not exuded 
as a separate phase at the surface of the film and it does not sit at the interstices of the 
particles, which is interpreted to mean that surfactant penetrates the particles 
(Roulstone et al., 1992). SimilarlyNPIO (nonyl phenol ethylene oxide-10 units) also 
dissolves in P(BMA) and P(2EHMA)) causing plasticisation (Kientz et al. 1 1994). 
Plasticisation of particles by surfactant also encourages particle deformation 
(Eckersley et aL. 1993) and interdiffusion 
2.4.4.2 Surfactant Phase Separation 
Bradford and Vanderhoff (1966) were the first who talked about exudation of 
surfactant to the polymer/air interface. They used SEM to study the surface of 
styrene/butadiene films and they showed the formation of "blisters", which are 
attributed to surfactant exuded to the surface with ageing of the film. They suggested 
that the surfactant exudation is dependent on the length of the hydrophobic group. 
When the hydrophobic group is long, then the surfactant migrates to the polymer/air 
interface while it does not when the hydrophobic group is short. This behaviour is 
related to the fact that the solubility of the surfactant is lower when the hydrophobic 
group is long, in other words, the surfactant is less compatible with the polymer and 
therefore it phase separates. 
Chevalier (1992) suggested that when the particles are in close contact then the 
surfactant membranes collapse through a micelle inversion procedure. If the surfactant 
has low molecular weight then it is easier for these membranes to collapse, while for 
high molecular weight', or non-ionic surfactant more time is required (Brown, 1956 
and Bradford and Vanderhoff, 1966). 
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Moreover surfactant may migrate to the polymer/air interface through the remaining 
channels filled with water (Evanson et al., 1991). Bradford and Vanderhoff also 
investigated the effect of the substrate, and they concluded that it does not influence 
significantly the amount and the rate of surfactant migration to the polymer/air 
interface (Bradford et al., 1972). 
Other scientists do not share the same view as far as the substrate effect is concerned. 
Evanson and co-workers (199 1) argue that the surfactant migration to the interfaces is 
influenced by the substrate. They used FTIR attenuation total reflection spectroscopy 
to study the surfactant exudation and found that anionic surfactant is exuded to both 
polymer/air and polymer/substrate interfaces. The surfactant is not exuded at all when 
it is compatible with the polymer, that is, when the surfactant is absorbed into the 
hydrophobic polymer (Evanson et al., 1991). Additionally, when a substrate with low 
interfacial energy is used, like PTFE or mercury, then they have seen an enrichment 
of surfactant at the polymer/substrate interface. On the other hand, when a substrate 
with relatively high interfacial energy is used, like glass, there is less migration of 
surfactant to that interface (Evanson et al., 1991). Mechanical elongation (Evanson et 
al., 1991) and ageing of the dispersion (Thorstenson et al., 1993) can also encourage 
surfactant migration to the interfaces. 
The migration of surfactant to the polymer/air interface was found to be dependent on 
the type of the surfactant used (Zhao et al., 1987). There is experimental evidence 
suggesting that the amount of SDS at the polymer/air interface increases with time. 
The authors claim that surfactant almost always saturates the polymer/air interface 
making a layer of thickness I to 1.5 nm on the top of the latex (Zhao et al., 1989). 
FTIR analysis was used by other scientists as well to study the surfactant enrichment 
at both the polymer/air and polymer/substrate interface. Anionic, cationic and 
nonionic surfactants in a P(2EHMA) (Kientz and Holl. 1993) were used. It was found 
that both interfaces are rich in surfactant. The amount of surfactant increases with 
time until it reaches a plateau. The parameters that affect the fate of surfactant is the 
interaction of polymer and surfactant, the initial distribution of surfactant in the latex, 
the mobility of the surfactant in the drying or dried film, and desorption of surfactant 
from the polymer particles. 
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A coalescing aid was found to have an important role in surfactant desorption. In 
particular, addition of coalescing aid caused increasingly more surfactant at the 
polymer/air interface as shown by AFM analysis of the surface of latex films (Juhue 
et al., 1995). 
Since the non-polymenzable surfactants, normally used in emulsion polymensation, 
migrate to the interfaces, it was suggested that polymerizable surfactants will stay 
grafted to the particle interfaces. Thus, latexes synthesised with a polymerizable or 
reactive anionic surfactant as an emulsifier were analysed by atomic force microscopy 
(Lam et al., 1997). It was concluded that latexes stabilised with reactive (maleate and 
crotonate) surfactants contain an amount of surfactant not attached to the particle 
surface, which migrates to the polymer/air interface. However, films prepared from 
latexes stabilised with SDS (a non-reactive surfactant) exhibit a much higher amount 
of surfactant at the polymer/air interface in comparison to the films prepared from 
latexes stabilised with polymenzable surfactants, which is probably a result of more 
grafting of the reactive surfactant to the polymer. Therefore., although there is some 
migration of reactive surfactant to the polymer/air interface, the migration is much 
more profound when an unreactive surfactant is used. 
The distribution of surfactant in films, prepared either from poly(vinyl acetate) or a 
copolymer of MMA and BuA, was investigated by energy filtering transmission 
electron microscopy (EFTEM), which provides images with element specific contrast 
(Du Chesne et al., 1997). This method allows the detection of surfactant and 
elemental mapping of the surface. It was found that when a film is formed at 
temperatures above MFT, then the emulsifier forms separate domains, while when the 
samples are prepared at a temperature below the MFT, then the emulsifier does not 
appear in segregated domains. However, sulphur-containing emulsifier is present in 
all the samples, which can be determined by EEL spectroscopy. Therefore, the 
surfactant is retained at the surface of the latex particles as a "thin, possibly 
monomolecular layer", which cannot be imaged. For this process to take place, a 
certain limit of mobility of the surfactant is required, which is provided by particle 
deformation and coalescence. As the particles deform, the surfactant, which is 
adsorbed at their surface, desorbs into the serum. Then water is expelled form the 
interstitial voids, and if channels are present, the surfactant, which is free in the 
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serum, flows to the film surface where it concentrates and dries leaving segregated 
domains (Du Chesne et al., 1997). 
2.5 Molecular Weight Effect on the Mechanical 
Properties 
There are ever-increasing demands on waterborne coatings for applications that 
require mechanical properties ranging from being hard and elastic (e. g. protective 
coatings) to being soft and viscoelastic (e. g. adhesives). Formulation scientists have 
developed a variety of compositions - ranging from vinyls to acrylics to urethanes 
to meet particular requirements. In some instances, there might be a particular 
restriction on the polymer composition used. In such a case, a volatile coalescent can 
be used to aid film formation, a plasticizer can be used to soften the coating, or a 
crosslinker can be used to make the coating harder (Lovell et al., 1997). When there 
is also a need to reduce the volatile organic content (for environmental and health 
reasons), another means must be used to control the coating's mechanical properties. 
One potentially cost-effective approach is to vary the molecular weight of the 
polymer. 
It is well-establi shed that the glass transition temperature, Tg, of a glassy polymer 
decreases with decreasing molecular weight as shown by the Fox and Flory equation 
shown below (Fox et al., 1950): 
Tg = Tgco -K (2.13) 
(aR -aG)*M 
where M is the molecular weight, K is a constant that depends on the polymer, Tg,,, 
is the glass transition temperature at infinite molecular weight and (XR and (XG 
represent the cubic volume expansion coefficients in the rubbery and glassy states, 
respectively. 
Previous study of the film formation of a series of acrylic latexes with varying Tg 
CO 
values (Keddie et al., 199 has revealed that the film fori-nation behaviour is strongly 1ý 
ý q%ct 
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related to the magnitude of difference between the film formation temperature and the 
Tg, When the film formation temperature is well above the Tg, then water evaporation 
and particle coalescence occur simultaneously. There is a single drying and 
coalescence front. Water evaporation is the rate-limiting step in film formation. 
When the temperature is near the Tg, on the other hand, then deformation occurs after 
completion of water evaporation. A separate coalescence front is observed 
immediately after the drying front (Keddie et al., 1995). In the later case, particle 
deforination is the rate-limiting step. 
There are usually both elastic and viscous contributions to particle deformation during 
film formation (Keddie, 1997). It is well known that both the elasticity and the 
viscosity of a polymer are a ftinction of its molecular weight, M (Sperling, 1992). 
Specifically, above the critical molecular weight, M, the shear modulus and the 
recoverable shear compliance reach a plateau value with increasing M, whereas they 
are linearly related to M below Mc. Also above M, the zero shear rate viscosity, 71o, 
usually increases with M to a power of 3.2 to 3.6. Below M, i1o varies as M (Strobl, 
1997). 
Molecular weight, therefore, is expected not only to determine the mechanical 
behaviour of a coating, but it should also influence the relative contributions of elastic 
and viscous particle deformation on the film formation mechanisms. It is the influence 
of this last parameter on the film formation of an acrylic latex that is the topic 
investigated in Chapter 6. 
2.6 Bimodal Latex Dispersions 
A bimodal latex dispersion is a mixture of large and small particle sizes. The reason 
bimodal dispersions are so attractive is that they can be designed to have properties 
that are difficult, or even impossible, to obtain from a monodispersed system (Winnik 
et al., 1996). 
Within the past several years, the use of latex blends has gained increased attention in 
the literature (Keddie et al., 1997), which reflects an even greater amount of study in 
industry. Of particular interest are (1) blends of large and small particles; (2) blends 
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of film-forming and non-film-forming (i. e. "hard" and "soft") particles; and (3) blends 
with both various sizes and hardnesses. Research by Winnik and Feng (1996) has 
shown that hard/soft latex blends can be used to achieve films that produce lower 
levels of volatile organic compound (VOC) (compared to formulations containing a 
coalescent that evaporates during film formation) and thus are less damaging to 
human health and the environment. Eckersley and Helmer (1997) have demonstrated 
that careful control of large/small size ratio and hard/soft concentration ratio can 
produce composite films with desired film formation characteristics and also with 
enhanced blocking resistance and mechanical properties. Latex dispersions with 
controlled particle size distributions have been devised so as to increase the solids 
content and thereby minimise solvent usage while gaining additional control of 
viscosity. As the viscosity of a colloidal dispersion depends on the particle size 
(Russel et al., 1989), the control of particle size distribution has a pronounced effect 
on the rheology of latex dispersions. 
Underlying the development of latex blend films are several implicit or explicit aims 
in blending large and small latex particles. One aim might be for a single small 
particle to fill each and every interstitial void produced by the close-packing of the 
large particles. The size ratio of large: small particle diameters will determine the type 
of interstitial void that the small particles will fill. For instance, if the ratio is 4.45: 1, 
then a small particle will be able to fill a tetrahedral void formed by the face-centred 
packing of four large particles in analogy with the zincblende crystal structure 
(Ashcroft et al., 1976). In this scenario, the number ratio of large: small particles 
should be 1: 1. Several years ago, Bartlett and his co-workers (1992) obtained 
colloidal crystals with the composition AB2 and AB13 from careful control of large 
(A) to small (B) particles. In principle, therefore, it is technically feasible to form a 
latex film from a colloidal crystal. Such a film would presumably be highly-dense 
and void-free as a result of efficient particle packing. In most real latex blends, 
however, higher concentrations are used, and there is a certain amount of 
polydispersity of sizes in the parent dispersions. Thu§, in practice, films derived from 
latex colloidal crystals are not a realistic aim. 
Moreover, as Geurts (1996) have pointed out, particle packing can be affected by 
particle stability and the clustering of particles of the same size. In a hard/soft blend, 
29 
Chapter 2: Latex and Film Formation 
the clustering of hard particles has been shown to create air voids (Keddie et al., 
1996) that are filled exceedingly slowly by the soft phase. Such air voids cause light 
scattering and thereby lead to film opacity (Feng et al., 1995). In a similar vein, it has 
been known for several decades that void fractions as low as 0.0384 can be obtained 
in blends of hard particles if the particle size ratios are carefully controlled and if five 
or more particle sizes are used (Dullien et al., 1992). Such a strategy would require 
very tight control of particle sizes and is likewise not realistic in most applications. 
An alternative aim of bimodal blends has been proposed by Eckersley and Helmer 
(1997). They have made use of concepts of phase continuity (developed by Kusy 
(1977)) to suggest that optimal particle packing is achieved when the smaller particles 
form a continuous phase around the larger particles. The minimum volume fraction 
of small particles that is required to achieve a continuous phase is defined as the 
critical volume fraction, Vc. The value of Vc can be calculated as a function of the 
size ratio of large: small particles, as will be shown below (Kusy et al., 1977). 
If RLG and Rsm are the size of the large and small particles, respectively, then one 
considers two possibilities: 
(A) The small particles form a monolayer or an infinitely long chain (Vc:: -- VA) and 
(B) The small particles form a double layer around the large. It is assumed that all the 
planar lattice sites are filled (Vc "-- VB)- 
If NLG is the number of the large particles, Nsm is the number of the dispersed small 
particles, and T is the reciprocal planar packing factor then the product of the large 
particles and their mean surface area should be equal to the product of the number of 
the small particles and their mean projected surface area multiplied by T as shown 
below: 
N . (4 
R2 )= Nsm - 
(Z. R2M). gg. RL»Rs (2.14) LG LG s 
The volume percent of the dispersed particles required in order to get a double layer 
can be defined as: 
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so that 
VB =100 
Nsm - Vsm 
[(Nsm 
- Vsm + 
NLG 
* VLG 
VB =100 
Nsm 4343 -. 1-r. Rsm +NLG -. )r. RLG 33 
By substituting (2.14) in (2.16) we obtain: 
VB = 
100 
1+( 
RLG 
4 RSM 
(2.15) 
(2.16) 
(2.17) 
While in order to get a monolayer of small particles, then the volume fTactionVA Of 
small particles required is given by: 
1 
VA =- . VB 'PC - 2 
By substituting equation 2.17 in 2.18 we obtain: 
VA 
=50. Pc - 1+ 
1 14 R LGIRSM 
(2.18) 
(2.19) 
where P, is the first nonzero probability for infinitely long sequences of adjacent 
occupied lattice sites (Malians et al., 197 1). 
In Figure 2.5 we plot the critical volume percent of the dispersed phase (i. e. small 
particles), which is required to achieve either a doublelayer (Equation 2.17) or a 
monolayer (Equation 2.19) of the dispersed phase around the Primary phase (i. e. large 
4, 
(Note that Vc should not be confused with the percolation threshold, which particles) II 
is the critical fraction to achieve connectivity of the phase but not to forin a continuous 
phase. ) 
Nsm -4 Rsm 
3 
3 
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Figure 2.5: Critical volume percent above which the dispersed (i. e. small particle) phase is 
continuous around primary (i. e. large) particles for various size ratios of primary to dispersed 
particles. The calculations are based on the equations of Kusy (1977) assuming that the 
critical concentration is defined by either a doublelayer of dispersed, hexagonally-packed 
small particles (-) or a monolayer of dispersed particles around each primary particle (-). 
At a large: small size ratio of 6: 1 (as used here), the critical volume concentration, V, which is 
the minimum concentration of small particles required for continuity, is about 18%. (4) = 1-0) 
T')1`0-3ý 
When the size ratio of the primary to the dispersed phase diameters is about 6: 1 (as it 
is in the work presented in Chapter 7), Figure 2.5 shows that the V, of the dispersed 
phase is ca. 0.18. Physically, this means that when the void volume fraction of small 
particles is 0.18, there will be just enough small particles to fill the void space 
between the large particles, thereby resulting in an efficient particle packing. One 
might expect that efficient particle packing will correlate with optimal film formation 
and low permeability in latex films. 
Experimentally, the work of Peters and co-workers (1996) supports Kusy's concepts 
of phase continuity. They studied a blend of large and small latex particles having a 
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size ratio of 6: 1. The V, for this size ratio is predicted to be about 20 vol. % of small 
particles. At concentrations of small particles below this critical value, there is 
evidence for interparticle voids as indicated by permeability measurements. 
In a related study Guerts and co-workers (1996) considered how the minimum film- 
formation temperature (MFT) varied with the concentration of small particles in a 
blend of particles with a size ratio of 10.4: 1. Vc for this size ratio is estimated to be 
about 12 vol. %. A latex blend with a volume fraction of small particles above this 
critical value was found to have a low MFT value, similar to the MFT of the latex 
consisting of only small particles. This result is consistent with what is expected for a 
continuous phase of small particles. Blends with concentrations of small particles 
below this critical value had a relatively high MFT, similar to the MFT of a latex 
consisting of only large particles. In this latter case, the small particles are not 
continuous and therefore cannot eliminate the voids associated with the large 
particles, so that the MFT is not made lower. These and other previous results 
(Keddie, et al., 1996 and Feng et al., 1995) indicate that the second scenario (based on 
concepts of phase continuity) is a more desirable and practical aim. 
The -Collocoiný cOc)s Pl&e-d- ýin 
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Chapter 3 
Analytical Techniques 
3.1 Introduction 
This Chapter discusses the experimental techniques used in this work for surface and 
bulk analysis of latex films, with relevant background theory showing what 
inforination can be obtained and explaining the principles of operation. 
3.2 Ellipsometry 
3.2.1 Introduction to Ellipsometry 
Ellipsometry is a powerful technique that performs optical characterisation of the 
sample under investigation. It does not measure the absolute amount of light reflected 
from the sample, as with conventional reflection techniques, but the change in the 
state of polarisation of the light upon reflection from the surface (Woollam Co., Inc). 
The objective of the measurement is to determine the profile of the optical constants 
(i. e. the real (n) and the imaginary (k) components of the refractive index). The 
refractive index profile is then used to determine film thickness, surface roughness 
and bulk void volume concentration, among other things. 
Ellipsometry is a laboratory-based technique. It has the big advantage of being fairly 
fast. Therefore , it can perform 
dynamic measurements of the refractive index. This 
capability was proven to be very useful for the work in this thesis, since the refractive 
index of a latex film changes during the process of water evaporation, particle 
packing, and particle deformation. The reftactive index can provide qualitative 
microstructural information or can be used as a basis to obtain quantitative results 
concerning surface roughness and voids concentration, as will be discussed in the 
following sections. 
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Spectroscopic Ellipsometry (SE) has been widely used by other scientists to 
determine optical properties of polymer films (Wall et al., 1994), density and 
compositional characteristics of polycrystalline and amorphous Si (Aspnes, 1981), 
glass transition measurement of polymer films (Keddie et al., 1994), polymer swelling 
(Chen et al., 1998), as well as real-time determination of compositional gradients in 
thin films during the deposition process (Kim et al., 1995). 
3.2.2 Principles ofEllipsometry 
Ellipsometry derives its name from the fact that it analyses the polarisation of 
elliptically polarised light in order to find its ellipticity (Azzam et al., 1977). The 
principles of operation are shown in Figure 3.1. A light beam with a known initial 
polarisation (usually linear or circular) is reflected from an optical system (sample), 
which causes the light to become elliptically polarised (Archer, 1962). The change in 
the amplitude and phase of the polarisation is determined in two components: parallel 
to (the "p"-plane) and perpendicular to (the "s"-plane) the plane of incidence, defined 
as the plane containing the incident and reflected beams and the vector normal to the 
sample surface (Azzam et al., 1977). 
p-plane 
s-plane 
3. elliptically polarized light! 
p-plape 
2. retlect off sample 
plane of incidence 
E 
Figure 3.1: Schematic representation of the working principles of ellipsometry (J. A 
Woollam Co., Inc, Guide to using VYVASE32,1996). 
The measured parameters are the ellipsometnc angles (T, A). T represents the 
amplitude attenuation and A the phase difference between the s and p components 
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(Styrkas et al., 1999). The experiment can be perfon-ned either as a function of the 
angle-of-incidence, Tj (in a multi-angle scan) or as a function of wavelength, k (in a 
spectroscopic scan). A scan that is a function of both angle and wavelength is called a 
multi-angle spectroscopic scan. In dynamic scans, ellipsometry measures the angles T 
and A as a function of time. 
Prior to reflection of the light beam from the sample, the polarisation of light is 
deten-nined by the amplitude ratio Ap / A, and the phase difference (8p - 6, ) of the two 
components, p and s. Upon reflection, both the amplitude ratio and the phase 
difference change (Azzam et al., 1977). In the general case, when both the incident 
and reflected light beams are elliptically polarised, the p- and s- components of the 
electric field E (Figure 3.1) can have any magnitude and phase relation. In that case 
the ellipsometric angle A is given by the following equation: 
Agggg ::::::: 
(P-S )reflected 
-(P-s 
)incident 
Moreover, the ellipsometric angle T is given as: 
arctan 
( 
Ap 
1AS ) 
reflected (3.2) 
(Ap 1AS )incident 
If the incident light beam is linearly polarised then Equations (3.1) and (3.2) can be 
simplified. A linearly polarised light can be described as two orthogonal electric fields 
propagating in phase. Therefore, there is no initial phase difference between the p- 
and s- components: 
(gP 
- gs 
)incident 
--": 
and by substituting Equation 3.3 in 3.1 we obtain: 
(3.3) 
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ps 
)reflected 
(3.4) 
In the case of linearly polarised light, the ellipsometric angle T is defined by Equation 
(3.2), since the p and s- components can have any magnitude relation. 
When the incident light beam is circularly polarised, then the components of the 
electric field are equal in magnitude, but 90' out of phase. Therefore, 
(05P 
- 45s 
)incident 
= 900 (3.5) 
and 
45 C5 -900. (3.6) P-S 
)reflected 
Also, since the amplitudes Ap and A, of the p- and s- components of the incident light 
beam are equal: 
Ap /=1. 
(3.7) 
As 
incident 
Thus, by substituting Equation 3.7 in 3-2: 
T=arctan AplAs) 
reflected 
(3.8) 
The ellipsometric angles T and A are related to the Fresnel reflection coefficients, Rp 
and R,, through the equation of ellipticity, p: 
Rp 
= tan(V). e/A 
Rs 
(3.9) 
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The Fresnel reflection coefficients are related to the complex refractive indices, N, 
and N2, of the two materials at a planar interface as follows: 
Rp = 
N2 Cos pi -Nj COS Pr 
(3.10) N2 Cos pi +Nj Cos pr 
and 
Rs = 
Nj cos pi -N2 COS ýor 
Ni cos pi + N2 cos pr 
where, yj is the angle of incidence (measured from the sample non-nal), and ýD, is the 
angle of refraction. The complex refractive index of the material of interest can be 
calculated from p by inversion of Equation 3.9 after substitution in for Rp (Equation 
3.10) and R, (Equation 3.11), as shown below: 
N2 = Ni tan ýoj 1- 
1/2 
4, o 
)2 
sin 9i 
2 
(1+, o 
(3.12) 
A complex refractive index (N) consistsof a real component (n, refractive index), that 
is related to the density of the material and an imaginary component (k, extinction 
coefficient), that is related to optical absorption and scattering. For non-absorbing and 
non-scattering materials the extinction coefficient goes to zero (k = 0). If the ambient 
is air, then N, = 1. As can be seen in equations 3.9,3.10 and 3.11 the ellipsometric 
angles T and A are a function of the refractive index of the two media at the interface. 
The ellipsometric parameters T and A are also dependent on the wavelength of light, 
X, since the refractive index of the material is dependent on the wavelength of light 
due to optical dispersion (Styrkas et al., 1999). 
If the light beam is reflected from a single and sharp interface between two 
transparent media (such as polymer/air), then at a certain angle of incidence, T 
reaches 0' and A changes abruptly from 1800 to 00 and then remains at 0'. The angle 
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of incidence at which these changes occur is known as the Brewster angle (ýPB). The 
Brewster angle is determined by the refractive index of the two media as shown 
below: 
nl_ 
= tan ýOB) I no 
(3.13) 
where n,, is the index of the ambient media and n, is the index of the material at the 
interface. Equation 3.13 can also be used to find the refractive index of the material if 
the refractive index of the ambient and the Brewster angle ON) is known. 
All the ellipsometric measurements (presented in Chapters 6 and 7) are performed at 
or around the Brewster angle. At this angle, the ellipsometer provides the most 
sensitive measurements. As we can see in equation 3.9, when the incidence angle is 
equal to the Brewster angle, the ellipticity p is only a function of T, since A= 90'. T, 
on the other hand, as can be seen from equation 3.2, is equal to the ratio of the 
amplitude ratio before and after the reflection. At normal incidence the p- and s- 
directions can not be distinguished, thus the p- and s- reflectances are identical. The s- 
reflectance increases monotonically to unity as the angle of incidence increases from 
normal to grazing incidence. The p- reflectance, on the other hand, decreases to zero 
at the Brewster angle and then increases to unity at a grazing angle. Therefore at 
Brewster angle, T reaches the minimum value of zero for a smooth transparent 
material. 
3.23 Calculation of the Refractive Index of a Composite 
Material 
In many applications of ellipsometry, there is a need to predict the refractive index of 
a material that is a mixture of two different media with known volume fraction of 
each of the media. In other cases the refractive indices of the two media are known 
and one needs to calculate the volume fraction of the one of the two media (e. g. 
calculate the volume fraction of air voids in a latex film). The most common way of 
calculating the refractive index of a material composed of two different media is to 
use a mathematical model, which is called the Effective Medium 
Approximation 
(EMA) (Roennow, et al., 1995). 
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Several EMA models exist with each making different assumptions (Aspnes et al., 
1979). The so-called Bruggemann EMA model applies when one phase is the 
continuous, host material and the second phase, which is well-dispersed throughout 
the first phase, is smaller than the wavelength of light. In the case of latex films, we 
assume that the dense polymer is the host material and n-m-sized interparticle air-voids 
are dispersed throughout it. The Bruggemann EMA model is given by this equation: 
CA -6 
CB -C 
fA 
*+ fB - 
\, 
CA +C 
j 
EB + -6 
(3.14) 
where F, is the effective dielectric function of the mixture (F-= n2 at frequencies of 
light), fA and fB are the volume fractions (ranging from zero to one) of each 
constituent material, and CA and F-B are the dielectric functions of the constituent 
materials (A and B). The two fractions must total unity: fA + fB = 1. 
In this work, the EMA model was used to calculate the void volume concentration in 
a film prepared from a latex dispersion cast onto a substrate. It is envisioned that after 
the water is evaporated, the film is composed of polymer and air voids. Thus, the 
material under investigation consists of two components, and the EMA model applies. 
If material A is the air-voids then fA represents the volume fraction of voids and 
CA : --: 1. Additionally, if material B is the fully-dense polymer "host", then fB is the 
volume fraction of the polymer, and EB is the dielectric function of the polymer. The 
index of the polymer phase can be measured in advance from a dense polymer film (- 
100 nm) deposited by spin casting from solution. When one has measured both F, and 
FB, Equation 3.14 can be used to calculate fA, the volume fraction of sub-nanometre 
voids. 
This method provides quantitative information concerning the void volume 
concentration, which is essential for assessing the performance of the polymer film 
(as a barrier system) after the completion of water evaporation. 
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3.2.4 Surface Roughness & Bulk Void Content Determination 
As mentioned earlier, ellipsometry measures the refractive index of an optical system. 
In order to acquire useful quantitative information, such as film thickness, volume 
percentage of voids or surface roughness from the optical data, one needs to develop a 
theoretical model and fit the theoretical to experimental data. The model consists of a 
number of layers, which represent the substrate and the overlaying layers or films. 
Each layer contains information concerning the refractive index and the thickness of 
the layers (Synowicki et al., 1997). It is possible that each layer is made out of a 
single material (e. g. polymer film) or it is a composite of two or more materials (e. g. 
air-voids distributed in a dense polymer material). 
The quality of the match between the experimental and the theoretical data can be 
assessed by the mean- square- error (MSE), which is shown in the following equation: 
N mod exp K Arpod _ Aexp MSE -- 
I- Vý Vi 
+ii 
2N-M 0- exp exp i=l ý O-Aj 
L 
1 
2N-M 
(3.15) 
where M is the number of variable parameters, N is the number of (T, A) pairs and CY 
is the standard deviation on the experimental data points. Regression analysis is used 
to minimise the MSE by varying one or more of the parameters in the model, e. g. film 
thickness, refractive index, void volume concentration or surface roughness. In doing 
so, one can determine the value of each of the variables and thus obtain the best-fit 
between the experimental and theoretical data. 
As a general rule, the MSE should be less than 10 in order for the quality of the fitting 
to be acceptable. The ellipsometry software employs the Lavenburg-Marquardt 
regression algorithm, as means for minimisation of the MSE. 
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The determination of the correlation between the fitting parameters, also used by the 
ellipsometry software, is an additional way of assessing the quality of the fitting. It is 
important to make sure that the fitting parameters are not coupled (or correlated) 
(Synowicki et al., 1997). To avoid correlation, one needs to make sure that the 
experimental data provide enough information for accurate determination of the 
parameters in question. It is always advisable to keep the model as simple as possible. 
Analysis of data by fitting to a suitable model, provides quantitative information 
concerning the surface roughness and void volume concentration. Our mathematical 
model consists of a rough layer on top of a bulk layer (Figure 3.2). Both layers are 
imagined to be composed of dense acrylic polymer and air voids. The top rough layer 
consists of a 50150 mixture (by volume) of polymer and air. The bottom layer can be 
described as a continuous polymer layer with nm-sized voids dispersed uniformly in 
it. If the size of the voids is well below the wavelength of light, then the reftactive 
index of a layer depends on the volume fraction of voids, as is predicted in the EMA. 
In a film produced by latex with particle size of 50 to 300 nm (which is the range of 
particle sizes used in this work) all the interstitial voids are expected to fall within the 
acceptable range over which the EMA applies. 
Surface Roughness 
0000000 
000A 
/0---,, 00 
voids 
Film Morpliology 
EMA: 1.50% air-voids 
2.50 % dense polymer 
EMA: 1. Fully dense Polymer Film 
2. Air-voids 
Ellipsometry Model 
Figure 3.2: Model used for fitting the ellipsometric experimental data. 
This approach is capable of separating the contribution of voids and the contribution 
of surface roughness. For an optically transparent dielectric, the value T and A near 
the Brewster angle, are particularly sensitive to any broadening or step in index at the 
interface. Roughness at the interface in the z-direction will cause T to increase from 0 
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and A will broaden from a step function. These concepts can be visualised in Figure 
3.3, where simulations are perforined for a transparent substrate. The ellipsometric 
angles, T and A, as a function of the angle of incidence are plotted for three different 
values of surface roughness. In the ideal case, where there is a sharp interface, the 
surface roughness is zero (0). As can be seen in Figure 3.3, T has a V-shape and 
reaches 0' at the Brewster angle, while A shows an abrupt step-change from ISO' to 00 
at the Brewster angle and remains at zero for angles larger than the Brewster angle. 
When the surface roughness increases to 20 rim. (A), then T loses its V-shape and 
becomes more rounded. Additionally, the minimum value in T (at the Brewster 
angle) increases from 00. As far as A is concerned, increase of surface roughness to 20 
nm causes a more gradual change around the Brewster angle instead of an abrupt step 
change. Moreover, with further increase of the surface roughness to 30 nm (x), the 
minimum value in T increases even more, and the step shape of A becomes even 
more gradual. Thus, observation of the ellipsometric angles T and A provides a first 
qualitative assessment of whether the sample under investigation is characterised by 
surface roughness. 
Additionally, the effect of voids on the ellipsometric angles, T and A, is illustrated in 
Figure 3.4. It is apparent that an increase of void volume concentration causes a shift 
of both T and A to the left (and to a lower Brewster angle). Thus, while an increase of 
surface roughness causes rounding of the V-shape of T and a more gradual step in A 
around the same value of Brewster angle, an increase of voids causes a decrease in the 
Brewster angle. These simulations indicate that the ellipsometry analysis is robust, as 
the two fitting parameters (surface roughness and void concentration) are not strongly 
correlated. In fitting a model to the experimental data, they each can be independently 
determined with certainty. 
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Figure 3.3: T (top) and A (bottom) for a transparent substrate with n =1.488 and for surface 
roughness that equals 0 (0), 20 nm (A) and 30 nm (x). This figure indicates that T becomes 
more rounded and increases from zero and A changes more gradually with increasing surface 
roughness. 
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Figure 3.4. Simulated ellipsometry spectra showing T (top) and A (bottom) for a transparent 
substrate with n =1.488 and with surface roughness of 10 nm. The void concentration vanes 
from 0% (0) to 10% (*) and finally to 20% (A). Both T and A shift to the left (lower 
Brewster angle) with increasing void volume concentration. 
Ellipsometry cannot give information about the size of the voids. It only provides 
information about the volume percentage of the voids. Because ellipsometry 
determines the refractive index, it is sensitive to the presence of sub-nin voids. If the 
voids are larger than the wavelength of light, then there 
is diffuse scattering from the 
surface. Ellipsometry, however, is only sensitive 
to specular reflection. In the 
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experiments described in Chapter 6 and 7, diffuse reflection is not a problem, because 
a well-defined specularly reflected beam is obtained. The fact that mainly specularly- 
reflected light is observed provides evidence that surface roughness and void size are 
below the wavelength of light, and therefore the assumptions of the ellipsometry 
modelling are appropriate. 
Other scientists investigated the potential use of ellipsometry to detennine the 
roughness of different types of films. Nee et al. (1988) compared the effective 
thickness determined by IR-ellipsometry with the rms roughness determined by stylus 
profilometry for rough fused silica samples. They concluded that if d is the effective 
thickness of the rough layer and cy, is the root-mean-square (nns) roughness, 
determined by profilometry, averaged over an area equal to the area investigated by 
ellipsometry, then 
V-2. o-z (3.16) 
Nee et al. (1988) determined the ellipsometric effective thickness by use of the 
isotropic EMA approach, where the surface roughness is characterised by voids that 
remain the same vertically and parallel to the sample. 
The authors did additional work where they have used the anisotropic EMA approach. 
The anisotropic EMA model assumes that surface roughness is characterised by voids 
that may change in depth but are independent of the direction parallel to the samples 
(Nee, 1988). They studied three different types of surfaces. Surface I is fairly 
uniform. Surface 2 is irregular and is characterised by long scratches and deep holes, 
and finally surface 3 is quite smooth with occasional deep holes. They found that 
equation 3.16 still applies. According to their experimental results, profilometric rms 
roughness appears to be lower than the ellipsometric effective thickness, which is 
attributed to the fact that the profilometer measures the local microscopic 2-D surface 
structure, while ellipsometry measures the macroscOPic average 
3-D roughness over a 
larger (_ICM2 ) area. 
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Koh et al. (1995) correlated the effective thickness estimated by in-situ SE with the 
root-mean- square roughness estimated by ex-situ AFM on amorphous semiconductor 
films. For the AFM they used two modes of operation, contact and tapping, in order to 
double check the accuracy of the measurements. For the SE results they used a two- 
layer model. The top layer is a Bruggermann EMA with 50% voids and 50% material. 
The second layer is the bulk material with known refractive index. They concluded 
that the ellipsometry effective thickness d is 1.5 times larger than the AFM roughness 
az (AFM) as can be seen in the following equation: 
0 
1.5. o-z (AFM) +4A (3.17) 
Note that this is a weaker dependence than what was found by Nee et al. (1988). 
3.2.5 Dynamic Ellipsometric Analysis 
A second approach to ellipsometry analysis is to model a latex coating as a semi- 
infinite medium and determine the pseudo -refractive index (<n>) and pseudo- 
extinction coefficient (<k>), which can be derived directly from Equation 3.12. The 
pseudo-reflection coefficients are determined by sums of the multiple reflections from 
the two layers of the sample, and they can be used to describe a complex morphology 
that might consist of air voids, particle-particle interfaces and rough surfaces. In order 
to treat a transparent material as a semi-infinite medium, one needs to eliminate any 
reflection from the backside of the sample. Thus, rough non-reflective substrates are 
used, in order to avoid any reflection from the coating/substrate interface. 
Alternatively, the coating should be thick enough so as to obtain separate reflected 
beams from the top and the bottom of the coating (Styrkas et al., 1999). Light 
reflected from the interfaces of interest can then be analysed without any 
contributions from the interface at the back of the sample. 
In this work the changes of the <n> as a function of time was determined. The 
experiments were initiated immed iately after latex casting and performed during the 
process of film formation. Since the <n> is sensitive to voids and particle-particle 
interfaces, it is possible to get qualitative information concerning the dynamic 
evolution of air voids in the bulk of the film, during the process of film formation. 
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Additionally <k> is more sensitive to surface roughness. The dynamic analysis has 
been proven to be ideal for probing information concerning particle deforination and 
coalescence, which is a matter of on going investigation. 
3.2.6 Instrumentation 
The Ellipsometer used in this work is a Woollarn Variable Angle Spectroscopic 
Ellipsorneter (VASE). It allows the user to acquire a large amount of data and also to 
optimise the spectral angle range for the determination of the parameters of interest. 
The configuration of the ellipsometer is as follows: 
source -+ polariser-ý sarnple--ý analyser-* detector 
Figure 3.5 shows a detailed diagram of the main components of the spectroscopic 
ellipsometer. 
sample mount 
rotating analyzer 
Wth Si 71 
ellipýmeter 
coft, ol 
modual 
goniometer 
potarizer 
colimafing lens 
fiber opfic (opbon2l) 
Ic 
color 
VGA 
'486 computer 
ZY, 
/xI-I -- I be2m chopper light source: f 
nnchrnni -1 
lamp 
Figure 3.5: The J. A. Woollam Co., Inc variable angle spectroscopic ellipsometer (J. A. 
Woollarn Co. inc, Guide to using WVASE32,1996). 
The source is a stable output Xe lamp with spectral range 
from UV (-190 nm) to NIR 
(-2 ýtm). The intensity of the light is low 
in the deep UV (< 260 m-n) and strong in the 
range 880 - 1010 rim. The range of wavelengths 
typically used for this work is 500 - 
800 nm. The light passes through a monochromator, which selects a single 
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wavelength. Optical fiblers are used to transfer the light from the monochromator to 
the polanser Q. A. Woollarn Co., guide to using WVASE32,1996). 
The polariser converts unpolarised (or randomly polarised) light into linearly 
polarised light. It is then reflected from the surface of the sample and changes its state 
of polarisation. A combined rotating analyser (which is another polariser) and 
detector is used, which allows the detection of the polarisation state of the reflected 
light. The detector is an InGaAs photodiode, which is insensitive to polarisation and it 
shows a linear response over a broad range of beam intensities. The detector converts 
the light into a voltage. 
When the reflected light is linearly polarised then the resulting signal is a sinusoidal 
voltage as a function of time (Azzam et al., 1977). When the analyser is crossed with 
the linearly polarised light then the signal is extinguished, and the detector voltage 
goes to zero. When the reflected light is circularly polarised, there is a constant DC 
signal. When the light is elliptically polarised, then the signal is again sinusoidal but it 
never reaches zero. The following equation describes the detector signal, V(t), coming 
ftom an elliptically polarised light: 
V(t) = DC+ a -cos(2. co. t)+, 6. sin(2 w. t)5 (3.18) 
where (o is the rotation frequency of the analyser and t is time. ot and P are normallsed 
Fourier coefficients, which are related with the ellipsometric parameters T and A as 
shown below: 
tan2 T- tan2 p 
tan2 T+ tan2_p 
(3.19) 
and 
tan T- tan A- tan. P (3.20) 
tan2 T+ tan2 p 
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where P is the input polanser azimuth with respect to the plane of incidence. 
Therefore, from Equations 3.19 and 3.20, the ellipsometric angles T and A can be 
calculated from the experimentally measured (x, P and the known P. The ellipsometric 
angles are related through equation 3.9 to the ellipticity, p, which is related to the 
complex refractive index, N2, through Equation 3.12. 
As mentioned earlier, ellipsometry is a model dependent technique. The WVASE32 
software contains a library of 240 different reference materials, which can be used in 
order to build a model suitable for the sample under investigation (Synowicki et al., 
1997). The optical constants of the polymer used in this work, however, were 
determined experimentally. 
3.3 Spectrophotometry 
3.3.1 Introduction to Spectrophotometry 
Spectrophotometry is an optical technique used to measure the absorption or 
transmission spectrum of light through a latex film as a function of the wavelength. It 
is a non-destructive technique, fairly fast, and it can be used as a complementary 
technique to ellipsometry. 
3.3.2 Working Principles 
Transmission is defined as the ratio of the intensity of the transmitted (It ) to the 
incident light (1,, ) as shown in the following equation (Thomas, 1996): 
It /10 - 
(3.21) 
The spectrophotometer measures the percentage of transmission of light through the 
sample, which is given by: 
%T=100- It 110 * 
(3.22) 
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Altematively, the absorbance of the sample can be measured, which is related to %T 
as follows: 
A= log (Io/1)=log (100/ % T) (3.23) 
and 
%T= 100x I O-A. (3.24) 
3.3.2.1 Rayleigh Theory 
In a non-absorbing medium (latex films in this work), transmission is reduced by 
scattering (Van Tent et al., 1992 a, b). In a dry latex film, scattering can be caused by 
air-voids apparent at the p article-p article interstices. The transmission is related to the 
size of the voids through the Rayleigh Equation as shown below: 
InT = 
- 32 . /-T4 . rV3 . fv -d 
(M2 
-1 
2 
M2 +2 
(3.25) 
where r, is the radius of the voids (assuming that they are spherical in shape), 
m= nv 
Inp 
, n, 
is the refractive index of the air voids (nv = 1) and np is the refractive 
index of the fully-dense polymer (np=1.489 at 500 nm) and k is the wavelength of 
light. Note that the number of voids per unit volume, N, is related to fv: 
3f, 
4)zr, ' 
(3.26) 
so that transmission measurements can, in principle, be used to determine N provided 
that the other parameters are known. 
Equation 315 applies only for certain ranges of void size and refractive index. The 
applicability of the Rayleigh scattering theory was tested on films prepared from 
bimodal particle size latex dispersions by measuring T over a wide range of L It was 
51 
Chapter 3: Analytical Techniques 
found that the dependence of In(T) is somewhat weaker than -ý. 
4 predicted by 
Equation 3.25. Nevertheless, optical transmissivity can be qualitatively (Meeten et 
al., 1986) related to void size and concentration for these films. 
In Figure 3.6, the transmission is plotted as a function of the size of air-voids (Eq. 
3.25). As can be seen, regardless of the void fraction, transmission decreases with 
increasing void radius. Additionally, for a void radius of 30 nm, the film can be nearly 
transparent, nearly opaque, or partially transparent, depending on the void volume 
fraction (and hence the number of voids per unit volume). 
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Figure 3.6: Predicted optical transmission of 100 ýtm thick films of a continuous medium 
with n=1.5 and containing spherical air voids (nv = 1.0). The volume fraction of voids (Q is 
taken to be 0.25 (-); 0.025 (- - -) and 0.0025 ( ). 
In Chapter 7, transmission measurements were performed on dry films prepared from 
bimodal particle size latex dispersions. These measurements were complementary to 
the ellipsometric measurements, which provided quantitative information concerning 
the void volume concentration of bimodal particle distribution latex 
films, as 
discussed in detail in secl Lon5 3.2.3 and 3.2.4. 
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3.3.3 Instrumentation 
The instrument used in this work was a Camspec M350, double-beam UV-visible 
spectrophotometer. The most important components of the spectrophotometer are 
listed below: 
(1) Two sources of light covering the wavelength range from 190 to 1100 mn ; 
(2) A monochromator, which selects a narrow band of wavelengths, with an accuracy 
of 0.5 mu; 
(3) A sample holder; 
(4) A detector measuring the radiation, which is transmitted through the sample; 
(5) A display device (computer). 
Quite often the films under investigation are cast on a transparent substrate (usually 
glass). The light beam therefore is transmitted not only through the sample itself but 
also through the substrate, which causes a certain degree of light absorbance at 
specific wavelengths. The absorption caused by the substrate needs to be subtracted 
from the final transmission measurement. The way this is done is by splitting the light 
beam into two equal components: the sample beam and the reference beam. The 
sample beam is transmitted through the sample (and substrate) and the reference beam 
through a second substrate. The spectrum acquired from the substrate is automatically 
subtracted from the sample+substrate spectrum. Thus, a single scan produces the final 
result, and there is no need for a separate baseline scan. The transmission spectrum is 
presented automatically on the display monitor. 
3.4 Atomic Force Microscopy (AFM) 
3.4.1 Introduction to AFM 
Atomic Force Microscopy (AFM) is a well-known and widely-used technique for 
surface analysis and characterisation. It provides topographical inforination but it is 
also capable of providing a range of other surface properties. Frictional properties 
may be evaluated by measuring the lateral distortion of the cantilever (Lateral Force 
Microscopy (LFM) or Friction mode analysis) (Radmacher et al., 1992). Soft 
samples, such as polymer surfaces and biological samples, can 
be scanned 
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successfully by tapping and phase mode AFM (Putmann et al., 1994). 
Nanomechanical surface characteristics , including elasticity and adhesion, may be 
quantified by accessing the relationship between the magnitudes of probe-sample 
separation and interaction forces (Burnham et al., 1989) (Jarvis et al., 1997). Film 
thickness of polymeric films was also measured successfully with AFM (Mate et al., 
1989). Mapping of the variations of thermal conductivity and diffusivity was achieved 
recently by replacing the conventional AFM probe with a probe that forms a 
thermocouple junction. By controlling the temperature modulation frequency of the 
evanescent temperature waves emitted and detected by the tip, subsurface thermal 
imaging can be achieved (Hammiche et al., 1996). By combining the scanning 
thennal microscope with the modulated DSC, localised calorimetric analysis was 
performed. In doing that various reversible and nonreversible processes, such as glass 
transition temperature, melting and recrystallisation can be determined (Reading et 
al., 1999) (Hammiche et al., 1996 a, b). 
The AFM can achieve very high resolution. Typically the lateral resolution is in the 
range of 2-3 ni-n and the vertical resolution is less than I mn (Binnig et al., 1986). No 
particular sample treatment or coating is required. In electron microscopy, in 
comparison, an insulating surface must be coated with a metal to achieve 
conductivity. 
Atomic Force Microscopy (AFM) is one of the main techniques used in this work to 
provide topographical and viscoelastic (or frictional) information about the film 
interfaces. The AFM used in this work is a Nanoscope III manufactured by Digital 
Instruments. 
0 3.4.2 Principles of Operation (Nanoscope III) 
The AFM employs a tip, which is suspended on a flexible cantilever stylus, that scans 
the surface in the x and y directions in a manner similar to a record player 
(Wiesendanger et al., 1994). The cantilever stylus is an idea that was borrowed from 
profilometry, one of the predecessors of AFM (Binnig et al., 1986). 
A laser beam is 
focused on the backside of the cantilever (Figure 3.7). The detection system relies on 
measuring the angle of deflection of a 
laser beam from the backside of the cantilever 
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(Putman et al., 1992). A quadrant photodiode detector is used to detect the deflected 
light (Sarin et al., 1988). In most designs, the probe is mounted stationary while the 
sample is moved beneath it using a piezoelectric transducer. This configuration has 
the major advantage of simple construction and allows a very precise control of the 
tip-sample interaction. A schematic representation of the main components is shown 
in Figure 3.7. A more detailed description of the components will be seen in the 
following sections. 
Laser 
Diode 
B 
Split Photodiode 
Sample 
Flexible 
Feedback Cantilever 
Electronics 
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Scanner: 
PP, Cylindrical 
Computer piezo 
crystal 
z 
Image 
Y 
x 
Figure IT Schematic representation of the main components of the atomic force 
microscope (Nanoscope 111). 
The AFM achieves a three-dimensional representation of the sample surface by 
monitoring the forces of interaction experienced between the sample and the sharp tip 
as it scans the surface (Pethica et al, 1987). The forces of interaction can be repulsive 
or attractive. Four modes of operation were used for this work: Contact-AFM, Lateral 
Force Microscopy (LFM), Tapping and Phase-mode, which will be described below. 
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3.4.2.1 Contact Mode and Lateral Force Microscopy 
In contact mode, the tip (usually S13N4) stays constantly in contact with the sample 
surface (Figure 3.8). By saying that the tip and the sample are in "contact", we mean 
that the Coulombic forces of their respective atoms are being encountered 
(Wiesendanger et al., 1994). Electron shells from atoms on both tip and sample 
repulse one another, preventing further intrusion by one material into the other. If 
further pressure is exerted, then both tip and sample will be damaged (Multimode 
Guide to SPM, 1996). Thus, the forces that are being measured in contact mode are 
repulsive forces. 
The cantilever acts as a soft spring of 
known spring constant that obeys 
Hooke's Law: 
F=-kz (3.27) 
where F is the force acting on the 
cantilever, k is the cantilever spring 
constant, and z is the vertical 
displacement of the end of the 
cantilever (Wiesendanger et al. , 
1994). The features that exist at the 
surface of the sample deflect the 
cantilever, which in turn moves the 
position of the laser beam spot 
across the photodiode detector 
(Figure 3.8). 
Deflection 
Detector Laser Beam 
Figure 3.8: Schematic representation of the 
basic operation principles of contact mode 
AFM (Davies et al., 1993). 
This position change of the laser beam on the photodiode is read by the feedback 
loop, which then moves the sample in the Z-direction in order to hold constant the 
deflection of the cantilever, which is proportional to the applied external force. Before 
obtaining an image, it is necessary to set up the desired force between the probe and 
the surface, which is deterinined from the distance between the tip and the sample. 
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This is achieved by raising the sample (essentially bringing the sample closer to the 
tip) until the surface of the sample just contacts the tip. This process is called 
deten-nination of the reference setpoint. During the scan the feedback loop moves the 
piezo crystal in the z direction in order to keep the setpoint constant. 
In contact mode the sample is scanned back and forth in a direction parallel to the 
cantilever length (Figure 3.8). When the sample is scanned perpendicular to the 
probe's length, then apart from topographical information we can obtain ffictional 
information, which gives rise to Lateral Force Microscopy (LFM) or Friction AFM 
(Radmacher et al., 1992) (see Figure 3.9). 
Laser 
Cantilever 
Probe 
Sampl 
Low Friction Area High Friction Area 
Scanning Direction 
10 
Figure 3.9: Schematic representation of the friction mode operation principles. cc and P are 
the angles between the incident and reflected laser beam for low and high torsion of the tip, 
respectively, as it encounters areas with low and high friction. 
The movement of the sample perpendicular to the cantilever can twist the cantilever 
because of lateral forces (as shown in Figure 3.9). The cantilevers are torqued more if 
they encounter high friction areas, and they are torqued less if they encounter low 
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friction areas (Figure 3.9). Maps of the cantilever deflection and torque indicate the 
topography and friction, respectively. A friction map provides additional information 
about the existence of different species at the surface with different friction 
characteristics. 
The commercial AFM tips are micromanufactured of silicon materials, mainly 
because silicon fabrication is very well established (Akamine et al, 1990). Contact 
mode AFM uses V-shaped silicon nitride (S13N4) tips (Figure 3.10). These tips 
provide high resistance to lateral torsion, which enables Lateral Force Microscopy, 
(LFM) and low resistance to vertical movement, which enables topographic 
information to be acquired. 
200ýtm 
I ooýtm 
I ooýlm 
A 
200ýtm 
Figure 3.10: (A) Schernatical representation (bottom view) of a cantilever used for contact 
mode AFM. As can be seen four SIN tIPS can be accommodated and (B) SEM images of a 
pyramid-shapedSl3N4 tiP (Digital Instruments Multimode guide to SPM, 1996). 
The spring constant is an important parameter because it determines the stifffiess of 
the cantilever. For a rectangular cantilever it can be calculated from the following 
equation: 
Et 3 w/4L 
3 (3.28) 
where E is the elastic modulus and w, L and t are the width, 
length and thickness of 
the cantilever. As can be seen in Figure 3.10, each side of the 
S13N4 cantilever 
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accommodates two tips. Thus, each cantilever has four tips available for use, with 
different thicknesses and lengths and thus different spring constants. As seen in 
Equation 3.28, the thinnest and longest tip has the smallest spring constant. The best 
selection of the tip to use for an experiment depends entirely on the sample under 
investigation. Small spring constants are preferable for soft samples, which are more 
susceptible to damage (such as soft polymer surfaces and biological samples), and 
large spring constants are better for harder surfaces. 
The radius of curvature of the S13N4 tips is rather large (20-40 nm) which limits the 
resolution. Additionally the height of a Si3N4 tips is 3-4 ýtm, which limits the study of 
samples with surface undulations not exceeding 1-2 ýtm. The ability of contact mode 
tips to scan very rough surfaces is limited. 
Most imaging artefacts in contact mode scans arise from the phenomenon called tip 
imaging. If the tip is sharper than the feature (in the sample) then the true shape of the 
feature appears in the image. If the feature is sharper than the tip, then what one gets 
in the image is essentially the shape of tip. Therefore in some cases a sharper tip is 
required. This problem can be tackled by using tapping mode AFM with ultra-sharp 
Si tips, as will be explained later. 
The biggest disadvantage of contact mode tips is their tendency to adhere to the 
surface of the sample because of the water layer always present on the surface of the 
samples when the experiment is performed in air. The tip is trapped by the capillary 
forces, which cause image destruction. One solution to this problem would be to 
perform the scan under water or under any sort of liquid. Tapping mode imaging is an 
alternative way to overcome this problem, as will be shown in section 3.4.2.2. 
Contact mode can be very damaging to the surface because of the fact that the tip and 
the sample are in contact. Especially when the sample is soft, then it is very 
susceptible to surface damage, even if cantilevers of low k are used. In this case it is 
preferable to use tapping mode AFM. 
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3.4.2.2 Tapping Mode 
Tapping mode operates somewhat differently. The tip (usually sharp silicon) 
oscillates near the cantilever resonance frequency (-100 kHz) using a piezoelectric 
element. When the tip is not in contact with the sample surface, then the amplitude of 
the oscillation is quite high (>20 nm). The tip is then moved closer to the sample. As 
it oscillates, the tip regularly comes in contact with the sample (or taps the sample) at 
the end of each oscillation cycle (Putmann et al., 1992) (Hansma et al., 1994). The 
forces measured during the scanning are attractive (Van der Waals) forces. When the 
tip comes in contact with the sample surface, the amplitude of the oscillation, is 
reduced due to energy loss. This damping in the cantilever's amplitude of oscillation 
is used to identify and measure surface features, in other words, to provide 
topographical inforination (Figure 3.11). 
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Figure 3.11: Schematic representation of the working principles of tapping mode ATM 
(Digital Instruments Multimode guide to SPM, 1996) 
Unlike in contact mode, the feedback loop is used to maintain a constant amplitude of 
oscillation, instead of constant deflection. Constant amplitude of oscillation is 
equivalent to constant force. This is achieved by using a voltage in the z-axis of the 
piezoelectric scanner, which modulates the tip-sample separation in a way that the 
sample jumps up and down, reflecting oscillations of the sample surface. 
The tip has 
an initial phase of oscillation determined by the driver of the oscillation. 
When it 
encounters the surface of the sample, then a certain phase 
lag of tip oscillation 
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compared to the driver electronics occurs. This phase lag changes when the tip 
encounters features with different viscoelastic properties. The change in the phase of 
the oscillation with respect to the driver oscillation provides the phase mode image, in 
which topographical and viscoelastic information is superimposed (Amelinckx et al. 
1997). 
The typical force that is applied on the sample by tapping mode is in the range of 0.1 - 
I nN. Because the force applied is fairly low, tapping mode is a good choice for soft 
polymers and biological samples. 
As mentioned above, one of the main problems of contact mode AFM is the fact that 
the S13N4 tips tend to adhere to the surface of the sample causing image distortion. 
Tapping mode is one way of overcoming this difficulty. The tips used for this type of 
analysis are ultra-sharp and stiff silicon tips (Figure 3.12). The cantilever oscillates 
constantly during the scan and therefore it posseses enough energy to break free from 
the surface tension forces caused by water. 
.................................. 
5VL m 
Figure 3.12: (A) Schematic representation of the ultra-sharp Si tips (bottom view) and (B) 
SEM scan of a typical silicon tip used for tapping mode AFM scans (Digital Instruments 
Multimode Guide to SPM, 1996). 
Additionally, when a soft material is scanned by contact mode, the tip often pulls the 
material sideways because of the dragging forces. Tapping mode is advantageous in 
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that respect because the force is applied vertically to the sample surface and there is 
no sideways motion. 
The resolution of the AFM is determined primarily by the tip and sample geometry. 
The sharp monocrystalline silicon tips have a radius of curvature on the order of 10 
rim, and thus they can achieve much better resolution in comparison to contact mode 
S13N4 tips. Additionally, the height of elongated silicon tips is -7-8 ýtm. The depth 
range is thereby extended to 4-5 4m (Figure 3.12). Thus, the ultra-sharp SI tips and 
tapping mode are able to study surfaces much rougher than canS13N4 tips and contact 
mode. 
3.4.3 Instrumentation 
The main components of the Nanoscope III are the Scanning Probe Microscope 
(SPM), the controller, the computer, the control monitor and the display monitor. The 
SPM,, as can seen in Figure 3.13, also consists of a number of components, which are 
the head,, the scanner and the base. 
Photodiode 
adjustment knob-.. Laser adjustment knobs 
SPM tip- 
Tipholder 
Hcad 
X-Y head translator 
Scanner Retaining springs 
(Shown: "A")- 
Coarse adjustment 
Scanner support ring 
Motor control 
switch 
ase 
A+B+C+D 
sum display 
Figure 3.13: Multi-mode Nanoscope III (Digital Instruments Multimode Guide to SPM, 
1996) 
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Starting from the bottom of the SPM and moving upwards, first we meet the base. 
The base is used mainly to display the voltage signals during the experiment. The 
scanner sits on top of the base using a scanner support ring. The sample is placed on 
the scanner. As mentioned earlier the scanner moves the sample in an x and y raster. 
Finally the head is placed on top of the scanner (and the sample). The cantilever is 
placed with a suitable tip holder in the head and sits on top of the sample. More 
details on each of the components of the SPM will be discussed in the following 
paragraphs. 
3.4.3.1 Head 
The head rests over the sample on the tripod formed by the adjustment screws. This 
unit contains the laser (1), two mirrors (which are denoted as 2 and 4 in Figure 3.14 
and are used as focusing and steering elements), the removable tip holder (3) and the 
photodetector (5). The tip is placed in the tip holder, when the latter is outside the 
SPM head. The tip holder with the tip suitably adjusted are placed in the head of the 
AFM. 
The head allows manual adjustment of the position of the laser beam, the mirror and 
the photodetector by screws shown in Figure 3.14. The laser x and y- axis adjust 
screws, shown in Figure 3.14, are used in order to move the beam across the 
cantilever until it is focused on the very end. After the laser beam is reflected from the 
cantilever, it is aligned, by a suitably adjusted mirror, at the middle of the photodiode 
detector. The mirror is adjusted manually using a screw positioned in the back of the 
head. The detector can also be moved (up and down or sideways) using the 
photodetector adjust screw. 
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Laser Y-axis adiust 
"hotodi4 
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Figure 3.14: SPM head and major components: 1. Laser, 2. Mirror, 3. Cantilever, 4. Tilt 
Mirror and 5. Photodetector (Digital Instruments Multimode Guide to SPM, 1996) 
3.4.3.2 Scanner 
One of the most important components of the AFM is the scanner, which is 
responsible for moving the sample (and/or the tip in other systems). The sample is 
scanned (as mentioned before) in the conventional raster way where the scanner is 
moving back and forth (in contact mode) or sideways (in Lateral Force Microscopy). 
Most modem scanners utilise piezo materials unified in a single hollow tube (Figure 
3.15). 
The outer surface of the tube is divided in four segments and electrodes are attached 
on them. When a voltage is applied, the length of the tube changes. Longer scanner 
tubes contain longer piezo elements and allow greater movement (larger scan size). 
The problem in large scans is that more noise is introduced, which worsens the 
resolution of the image. Shorter scan tubes contain shorter piezoelectric elements, 
thus smaller scan sizes can be achieved. The movement of the sample can be more 
precisely controlled, and thus high magnification images can be acquired. 
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D-scanner 
Figure 3.15: Scanners J and D used in this work for the analysis of latex films (Digital 
Instruments Multimode Guide to SPM, 1996) 
The Nanoscope III comes with different scanners, depending on the maximum size of 
the scan required. In this study scanner-D and scanner-J were used. The horizontal 
scan range is 10 ýtm for scanner-D and 100 ýtm for scanner-J. The vertical scan range 
is 2.5 pm for scanner-D and 5 pm for scanner-J. The scanners D and J used for this 
work can be seen in Figure 3.15. 
3.4.4 The Feedback Electronics 
The feedback electronics are used to control the tip-sample interaction (Multimode 
Guide to SPM, 1996). Both in contact and tapping mode the result of the feedback 
loop is to keep the force applied to the sample constant, either by keeping the 
deflection of the cantilever constant (contact mode) or by keeping the amplitude of 
the oscillation constant (tapping mode). The feedback system monitors the deflection 
(or the amplitude of the oscillation) at each point and compares that value with the 
setpoint (which is the predeten-nined deflection or amplitude of oscillation). It then 
adjusts the deflection (or the amplitude of oscillation) to its original value, and by 
doing that the construction of an image is possible. 
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3.4.5 Software 
The Nanoscope III operation is controlled using a standard PC linked via a control 
unit to the microscope hardware. The microscope is controlled using commercial 
software (version 4.22 ce) and operates using a series of command menus. The system 
uses two monitors: the first to display the command menus and the second to display 
the microscope images. 
3.5 Scanning Electron Microscopy (SEM) 
3.5.1 Introduction to SEM 
SEM is a very popular technique, that performs surface and near surface analysis. It 
employs an electron beam, which is rastered across the surface of the sample and 
provides information concerning the morphology and structure as well as chemical 
and compositional characterisation. 
3.5.2 Principles of Operation 
The most useful products of the interaction of the electron beam with the sample, as 
far as imaging and chemical characterisation is concerned, are the secondary 
electrons, backscattered electrons and x-rays (Goodhew et al., 1998). 
Secondary electrons are those electrons that have lost a small amount of their energy 
through other types of interactions with the sample, such as elastic and inelastic 
scattering and then escape from the sample with energy below 50 eV. They are the 
most numerous products of interaction of the electron beam with the sample and the 
most commonly used for imaging. The secondary electrons are produced over an area 
larger than the spot size, which worsens the resolution. 
The backscattered electrons, resulting from elastic collisions between the electron 
beam and the sample surface, are not as numerous as the secondary electrons. They 
can also be used for imaging. 
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The production of x-rays is a means of relaxation of a sample atom, which is excited 
after one of its electrons is raised to a higher energy level after interaction with the 
primary electron beam. Since each element emits x-rays with characteristic energy, x- 
rays can be used for chemical microanalysis of the sample. 
3.5.3 Instrumentation 
A Hitachi S-320ON scanning electron microscope, available in the Microstructural 
Studies Unit at the University of Surrey (MSSU), was used for this work. The main 
components of this instrument are: 
9 An electron gun, which produces electrons through thermionic emission and 
accelerates them. 
* Condenser lenses, which demagnify the electron beam down to a diameter of 2-10 
ýtm. 
Scan coil, that rasters the beam across the sample. 
Detector that counts the number of secondary electrons. A separate x-ray detector 
also exists for microanalysis. 
e Computer, which displays the image. 
3.6 Rutherford Backscattering Spectroscopy 
3.6.1 Introduction 
Rutherford Backscattering Spectroscopy (RBS) is a surface analysis technique used to 
provide chemical characterisation of a sample. Apart from identifying the elements 
and determining their concentration, it can also perforin depth profiling of the 
elements normal to the surface. RBS is very sensitive in identifying high-Z elements 
and relatively insensitive to low-Z elements over depths into the surface of upto a few 
micrometers. The technique is ideally suited for determining heavy elements 
distributed among light ones. 
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3.6.2 Working Principles 
RBS relies on collisions between projectile ions of a high-energy (MeV) and target 
the atoms of the near surface of the sample under investigation (Earwaker et al.., 1994) 
(Figure 3.16). 
En M, 
0 
Detector 
Figure 3.16: Principles of operation of Rutherford backscattering spectrometry 
Most of the incoming high-energy ions are implanted into the sample, but a small 
fractiona-re backscattered from the nuclei of atoms near the surface. The projectile 
ions are backscattered according to the well-known Coulombic scattering law. This 
means that the collision between the projectile ions and the target atoms does not 
involve direct contact but the energy exchange occurs through Coulombic forces 
between the nuclei, which approach each other at a close distance. 
If the projectile ion is scattered from the surface of the film, the only energy loss is the 
momentum transferred to the target atom. The ratio of the projectile energy after the 
collision (EI) to the energy before the collision (E, )) is called the kinematic factor (k). 
M2 - M2 sin 
2 V)112 
k=EI-(21 
E0 Ml +M2 
Ml Cos V 
2 
(3.29) 
where, M, is the mass of the incident ion, M2 is the mass of the target atom and y is 
the backscattering angle measured from the incident path. From Equation 3.29, one 
can calculate the mass of the target ions (M2) apparent in the sample from 
measurements of the energy of backscattered ions, providing that the mass of the 
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projectile ions (MI) and the energy (E,, ) before the collision are known. Thus RBS is 
able to identify the chemical elements apparent at the surface of the film by measuring 
their mass (MA 
When a monoenergetic ion beam impinges at the surface of the sample, backscattered 
products are observed at an angle y to the incident beam using a detector, which 
subtends a small solid angle Q (as shown in Figure 3.16). The Yield (Y), which is 
defined as the number of the backscattered ions, is given by the following equation: 
Y=I. N. x. 
do- 
-f2-cý (3.30) df2 
where I is the current of the incident beam (number of incident atoms per s ), N is 
the atomic density (atoms/cm 3), x is the target thickness, dcy/dQ is the differential 
stopping cross-section, and F. is the intrinsic efficiency of the detector. Thus, the Yield 
(Y) from the scattering experiment is directly related to the concentration of target 
atoms. When Ml<<M2, then the cross-section is given by: 
Zl-Z2-e2 
(cos ec)4 
dQ 16 - 1-r - co - Eo 
2 
(3.31) 
where e is the charge of the electron, and Z, and Z2 are the atomic numbers of the 
projectile and target atoms, respectively. 
The probable reaction of the projectile ion is with the electrons of the atoms of the 
material being bombarded. This process, where the ions interact with electrons 
producing excitation and ionisation, is called electronic stoPping. In rare occasions, 
and only when the electrons possess enough energy, they interact with atomic nuclei 
(atomic stopping). 
The sample under investigation can be a thin or a thick film. If it is a thin film then the 
incident beam backscatters with well-defined energy (given by Eq. 3.3 1), as shown in 
Figure 3.17 A. On the other hand, when the film is thick, then some projectile ions 
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interact with the atoms at the surface of the sample and others penetrate to a certain 
depth and interact with atoms at that depth. The ions that interact at the surface of a 
thick film will give the same energy as for a thin film. As the projectile ion penetrates 
to a depth, x, in the sample, it will lose energy mainly because of electronic stopping, 
as mentioned above. The projectile ion is then backscattered from a target ion at that 
depth (x), which means that most of its energy is transferred to the target ion. On its 
way out, the backscattered ion loses energy because of further electronic stopping. 
Thus the atoms that are backscattered from a certain depth in the sample will have 
lower energy than those backscattered from the surface. Thus, the peak obtained from 
a thick film will be broadened (Figure 3.17 B). Depth profiling can thus be performed 
by analysis of the shape of the spectrum. 
The amount of energy the ion loses per distance in the sample depends on the density 
of the sample material, the composition of the sample, and the velocity of the 
projectile ion (see Eq. 3.30,3.31). In an experiment the Yield (Y) is measured 
experimentally. The scattering cross-section can also be calculated through equation 
3.31. Thus, Equation 3.30 can be used to find N providing that x is known. The 
energy spectrum obtained with RBS is used to determine the concentration profile. 
The yield is proportional to the concentration of an element. The width is proportional 
to the film thickness. 
In this work, RBS was used to study the distribution of sulphur (contained in an 
anionic surfactant) as a function of depth in samples prepared from acrylic latices. 
Since the peak acquired from a thin film is distinctly different from the peak acquired 
from a thick layer, it is fairly straightforward to identify whether the latex coatings are 
covered by a thin layer of surfactant or whether the layer is thicker. We can also get a 
depth profile of surfactant normal to the surface. 
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Figure 3.17: Schematic representation of experimental geometry and RBS spectrum typical 
for a (A) thin and (B) thick sample 
3.6.3 Beam Damage 
In some applications, such as in polymers or biological samples, the ion beam used 
can be very damaging to the sample. For example, it is known that acrylics are easily 
damaged by the ion beam (Geoghegan et al, 1999). 
To stop this damage from occurring, there are two possible courses of action. One is 
to use a defocused beam. By defocusing the beam one is effectively reducing the 
charge density of the beam, making it less damaging. The disadvantage of this 
approach is that the size of the beam spot increases, which prevents the analysis of 
smaller samples. The second approach is to scan a focused intense beam over a larger 
ime on one small region and it can be less region. In that way the beam spends less ti II 
damaging (Geoghegan et al, 1999). 
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In this work, sulphur depth distribution in latex films was being determined. In order 
to avoid beam damage of the sample under investigation, a defocused beam (beam 
spot size =1 mm) was used. The intensity of the beam was very low (0.4-0.5 nA), and 
the beam energy was in the range of 1.5-1.9 MeV. The beam was scanned over an 
area of 11.25 MM2 , while liquid nitrogen was used for cooling. Because the amount of 
surfactant present in the latex is very small (only 2 wt. % of surfactant on the polymer 
and only one atom of S per molecule of surfactant), rastering over a larger area was 
necessary in order to improve the number of counts acquired from sulphur. 
For the RBS data presented in this work (Chapter 4 and 5), additional measures were 
taken in order to exclude the possibility of beam damage. A second subsequent 
rastering was performed on the previously exposed area. If there is beam damage then 
the sulphur peak apparent on the second scan (of the same area) should be smaller (or 
even non-existent in cases of serious damaging). On the other hand, if there is no 
beam damage, then the sulphur peak acquired during the second scan should be the 
same as the peak of the first scan. I present only data for which there is no indication 
of beam damage. 
3.6.4 Instrumentation 
3.6.4.1 Accelerator 
The main purpose of the accelerator is to produce and accelerate a monoenergetic 
beam of ions. The energy range is typically between I and 8 MeV (Geoghegan et al, 
1999). There are two types of accelerators: The single ended (which is the one 
available in the ion beam facility of Surrey University) and the tandem Van de Graaff 
accelerator. 
In single ended Van de Graaff, accelerator the ion beam is produced by an ion source, 
which is situated inside the accelerator (Figure 3.18 A). An electrical potential is used 
to accelerate the ions, which are positively charged. Because of the high voltages 
involved, the accelerator is placed inside a pressure vessel filled with gas. In the 
tandem accelerator Van de Graaff, the ion beam source sits at the exterior of the 
actual accelerator. The ions produced are initially positively charged, and then they 
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become negatively charged as they pass through lithium vapour. After they are 
accelerated to the high positive voltage, they pass through a copper foil, which strips 
away all the electrons, and thus they become positively charged again. The tandem 
Van de Graaff accelerator is advantageous in comparison to the single ended one 
because of the fact that the source sits in the exterior of the accelerator. Thus changing 
the gas is much easier. It can also produce ions with higher energy (Earwaker et aL, 
1994). 
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Figure 3.18: Schematic representation showing the operating principles of the (A) single 
ended and (B) Tandem Van de Graaff accelerator (Geoghegan et al, 1999). 
3.6.4.2 Target Station 
In the Surrey facility, the samples are placed in the centre of a cylindrical vacuum 
chamber. The beam that bombards the sample is collimated just before entering the 
chamber. The size of the defocused beam is lmm, which is determined by the 
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collimating aperture size. The vacuum in the chamber is maintained at 100 ViPa. A 
schematic representation of a typical vacuum chamber is shown in Figure 3.19. 
Viewing point lmm square apertures 
Detector 2 
Secondary 
electron 
suppressor 
Figure 3.19: Schematic representation of the target station (Earwaker et al 1994). 
3.7 Surface Tension Measurements 
A KRUSS surface tensiometer, which employs the ring method, was used to measure 
the surface tension of an as-prepared latex dispersion and with excess added 
surfactant. The surface tensions of various concentrations of surfactant in de-ionised 
water were determined for comparison. From measurement of the total weight 
registered, Wt,, t,,, the surface tension of the liquid/air interface, 7, can be calculated 
from the relationship: 
Wtotal Wring+ 47ryR (3.32) 
where Wring IS the weight of the ring and R is its radius. The derivation of this 
equation assumes that the contact angle of liquid on the ring is zero. A Pt-alloy ring 
was used in our measurements. 
3.8 Thermo gravimetry (TGA) 
Thermogravimetry measures the weight of the samples continuously as a function of 
temperature and time (Sperling, 1992). It can measure weight changes of less than 10 
ýtg (Osswald, 1995). 
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In this work a High Resolution Thermogravimetry Thennal Analysed (TGA) 2950, 
manufactured by TA Instruments, was employed. Typically the sample mass is 
approximately 20 mg. The sample is placed in a clean weighing pan, which is then 
introduced into the furnace. In this work the furnace was heated up to 300 OC with 
temperature increment of 3 OC/min and the sample was flushed with Nitrogen. 
TGA measurements can easily record volatilisation, dehydration, oxidation and other 
chemical reactions but some transitions (such as melting or glass transition) are not 
detected as no weight changes occur. The Experimental data are shown in Chapter 6. 
3.9 Dynamic Mechanical Thermal Analysis (DMTA) 
Dynamic Mechanical Thermal Analysis (DMTA) or Spectroscopy (DMTS) as it is 
sometimes called, records the changes, in the sample modulus as a function of 
temperature or frequency. In particular, it measures the temperature dependence of the 
Young's storage modulus, F, and the Young's loss modulus, E". The sample 
undergoes repeated small amplitude cyclic strains, which cause perturbation of the 
molecules. The energy produced by the perturbations is either stored elastically (F) or 
lost in the form of heat (E") (Sperling, 1992). The elastic modulus and the storage 
modulus are related through the following Equation: 
tang (3.33) 
where tan6 is called the loss tangent and 6 is the angle between the in-phase (F) and 
out-of-phase (E") components in the cyclic motion. 
In this work, a DMTA (MKII) manufactured by Polymer Laboratories was used in the 
tensile configuration. The experimental data are presented in Chapter 6. 
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Chapter 4 
Surfactant Concentration and 
Morphology at the Surfaces of 
Acrylic Latex Films 
4.1 Introduction 
The final outcome of surfactants during latex film formation is a topic of ongoing 
concern and interest (Chapter 2). In this Chapter, the concentration and morphology of 
an anionic surfactant (sodium dodecyl benzene sulphonate) at the polymer/air 
interface and bulk of films prepared from an acrylic latex dispersion is reported. AFM 
analysis of the polymer/air interface was employed to obtain topographical and 
frictional information concerning the existence of surfactant species. The surfactant 
morphology was investigated as a function of the film formation time and 
temperature. 
Rutherford Backscattering (RBS) was also employed to determine the depth profile of 
sulphur (contained in the surfactant and salt) in order to obtain a clear picture 
concerning the surfactant distribution at the surface and bulk of the film. RBS is a 
well-established technique for depth-profiling of chemical species (Rauhala et al., 
1994), and has previously been applied to polymer thin films. For instance, it has been 
used to profile imide ring hydrolysis in polyimide films (Stoffel et al., 1996) and to 
measure diffusion rates of dyes containing sulphur into polymer receivet layers 
(Shearmur et al., 1996). To our knowledge, RBS analysis of latex films has not been 
reported before in the literature. Whereas previous studies of surfactants have 
employed surface analysis techniques, including secondary ion mass spectrometry 
(SIMS) and X-ray photoelectron spectroscopy (XPS) (Zhao et al., 1989), there is very 
little reported work in which compositional depth profiles of surfactant in latex have 
been reported. 
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4.2 Experimental Materials and Procedure 
4.2.1 Latex Synthesis 
The latex used in this work is based on a copolymer of 10 wt. % methyl methacrylate 
(MMA), 85 wt. % butyl methacrylate (BMA) and 5 wt. % methacrylic acid (MAA). 
The latex was synthesized using a standard procedure of emulsion polymensation 
(Lovell et al., 1997). An anionic surfactant, ammonium dodecyl benzene sulphonic 
acid (sold under the trade name of Nansa AS40), was used in the synthesis to stabilise 
the dispersion. To an initial charge containing water, a small amount of surfactant and 
the initiator (ammonium persulphate), 10% of the total monomer charge was added in 
order to nucleate latex particle seeds. After the gradual addition of the remaining 
surfactant and monomer, the polymerisation reaction continued at 85 'C for one hour. 
Aqueous ammonia was used to adjust the pH. Note that the total amount of surfactant 
is approximately 2 wt % on the polymer, and the total amount of initiator is 0.5 wt. % 
on the polymer. The latex particle size was determined by a Malvern Autosizer 11 to 
be 144 nm. Glass transition temperature was determined by using differential scanning 
calorimetry. The latex has the properties given in Table 4.1. 
Table 4.1: Properties of the BMA/MMA/MA Acrylic Latex 
The particle size was also measured with the Atomic Force Microscope (AFM). A 
dilute latex dispersion was prepared by adding de-ionised water In the Original 
dispersion in order to achieve 3 wt. % of solids. The solution was then cast on silicon 
and dried in room conditions. A monolayer of latex particles was produced. The 
sample was then scanned by contact mode AFM and the size of the particles was 
determined by sectional profiles across the surface. Figure 4.1 shows a typical 
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monolayer of latex particles and Figure 4.2 indicates the section analysis performed 
on the image. The particle size was calculated to be 151 run, which is in close 
agreement with the results from the Malvern Autosizer 11. 
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Figure 4.1: Monolayer of latex particles. (A) 4.42 x 4.42 and (B) 1.50 x 1.50 ýtm' 
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Figure 4.2: Section analysis for detennination of latex particle size 
4.22 Film Formation 
Film forination was accomplished by heating at various temperatures above the 
minimum film formation temperature (MFT) using a temperature-controlled stage 
(manufactured by Linkam, Surrey, UK). Typically, 0.5 ml of the latex dispersion was 
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cast on the rough surface of silicon single crystal substrate (4 cm x4 cm) using a 
Meyer bar. Samples were heated, at a rate of 90 'C per minute, in air to a given film- 
forining temperature. The temperature was held constant for a certain length of time 
(measured from the time when the stage achieved its set temperature). 
4.3 Experimental Results and Discussion 
In AFM images of the latex/air interfaces, reproducible trends in surfactant 
morphology as a function of both film fon-nation temperature and time can be 
observed clearly. Figures 4.3 through 4.9 show morphologies of films prepared at 
increasing temperatures above 59 'C (MFT): 64,69,79 and 89 'C. When the film is 
heated to 64 'C (5 OC above MFT) for 6 or 90 min., individual particle/p article 
boundaries can be observed at the latex surface in contact mode analysis, but there is 
no evidence for the presence of any other phase, as shown in Figure 4.3. In contrast 
when the film was heated at the same temperature but for longer time (24 hours), new 
features appear at the latex air surface, such as shown in Figure 4.4. 
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Figure 4.3: AFM image (contact mode) of the air surface of a latex film prepared at 
64 T (5 T above the MFT) for 90 min. 
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I refer to the dome-like feature seen in the image as a "blob". Subsequent analysis, 
reported below, provides supportive evidence that these blobs do indeed consist of 
surfactant. 
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Figure 4.4: Contact mode (left) and friction mode (right) AFM images for a latex sample 
film-formed at 64T (5'C above MFT) for 24 hr. Small surface features or "blobs" are 
apparent in both modes as indicated by the white arrow. 
After film fori-nation at 69 OC (10 'C above MFT) for 6 or 90 minutes, again there is 
no evidence for any feature other than the latex particles, as shown in Figure 4.5. The 
surface appears very similar to what is seen after film fon-nation at 5 'C above MFT 
for comparable times (Figure 4.3). 
At the higher temperature of 79 'C (i. e. 20 OC above MFT), there is a clear 
progression in the surface morphology with passing time. Figure 4.6 A shows that no 
features develop after 3 min. of film formation, but after 6 min. a similar sample (seen 
in Figure 4.6 B) has developed surface features, especially apparent in friction mode. 
These features extend in long, narrow strips along the surface, and so they are refered 
to as "fingers". The contact-mode image, which reveals surface topography, shows 
that the height (h) of the fingers is very small and so therefore the fingers are not 
readily apparent in the image. The friction-mode image, however, shows dark strips 
indicative of regions with lower friction. The morphology is reminiscent of what is 
observed when a viscous liquid de-wets a surface. With a film-fon-nation time of 90 
min. at this same temperature, a few large blobs appear at the sample surface. Figure 
4.6 C shows an image of a typical blob. Note that the blob is quite flat, like a pancake. 
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Its height is only about 109 nm, whereas it extends laterally over about 10 ýtrn in one 
direction. 
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Figure 4.5: Topographical images (contact modo) of a surface prepared from a latex 
dispersion film formed at 69 T (10 OC above the MFT) for (A) 6 min. and (B) 90 min. There 
is no indication of a second phase other than the latex particles. 
81 
0 2.5 5.0 7.5 
0 2.5 5.0 7.5 
Chapter 4- Surfactant Concentration & Morphology at Surfaces of Latex Films 
Figure 4.6- Contact/friction mode AFM images for latex samples film-formed at 79'C (20T 
above MFT) for (A) 3.15 min, (B) 6 min (AN=57.358; h=34nm) and (C) 90 Mm. 
(AN= 14.896; h=109nm). 
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The image presented in Figure 4.7 was acquired from the surface of a latex film 
prepared at a temperature of 79 T (20 OC above the MFT) for film formation time of 
3 hours. Some dome-shaped blobs are apparent at the surface along with elongated 
needle-like features. Further evidence and discussion on the needle-like features will 
be provided later. 
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Figure 4.7: AFM images of a latex film prepared at 79 T (30 T above the MFT) for 90 
min. Two regions of the same sample are shown (A) 10.4 ýtm x 10.4 ýtm and (B) 12 ýtm x 12 
ýtm. Formation of dome shaped features and elongated needle-like features are seen. 
The development of the morphology of the second phase seen at the surface of films 
prepared at 79 'C is more apparent in the sectional analysis in Figure 4.8. Height 
profiles across the images in Figure 4.6 B and C are shown. It is evident that the 
height of the features increases with increasing film formation time. 
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Figure 4.8: Section analysis of latex samples film-formed at 79'C for (A) 6 min (Figure 4.6 
B), (B) 90 min (Figure 4.6 
At 30 T above MFT, a very similar progression from finger to blob structures is 
observed (Figure 4.9). After heating for only 3 min., which is the minimum time 
needed for optical clarity to occur, a finger-like structure already develops (Figure 4.9 
A). As before, the fingers are very obvious in friction mode but are very thin and thus 
not clearly defined in the topographical (contact mode) image. After film formation 
for 6 min., numerous small, flat blobs are evident (Figure 4.9 B). After 90 min., there 
are fewer, thicker blobs (Figure 4.9 Q. These results are reproducible for different 
regions across the surface of the film. 
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Figure 4.9- Contact/friction mode AFM images for latex samples film-formed at 89'C (30'C 
above MFT) for (A) 3.15 min; (h=33nm) (B) 6 min; (AN=26.737; h=35nm) and (C) 90 mm, *, 
(AN= 7.485; h= 714nm). 
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Comparing Figures 4.9 B and 4.9 C, there is a progression ftom a "pancake" structure 
(in which the height is much smaller than the radius) to a hemispherical blob structure 
(in which the height is comparable to the radius). This progression in morphology is 
readily apparent in the sectional analysis shown in Figure 4.10. Thus, it can be 
concluded that at 89 OC (30 T above the MFT), the finger-like features develop 
simultaneously with the onset of optical clarity, whereas at the lower temperature of 
79 'C (20 T above the MFT), fingers are not seen until film formation for 6 min. In 
Figure 4.9 B, elongated needle-like features are apparent, as shown before in Figure 
4.7. The development of these features and their potential composition will be 
discussed at the end of this section. 
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Figure 4.10: Section analysis of latex samples film-formed at 89'C for (A) 6 min (Figure 
4.9 B) and (B) 90 min (Figure 4.9 Q. The arrows indicate 
flat blobs apparent at the surface. 
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Quantitative AFM analysis was used to measure the volume (V) and surface area (A) 
of the surfactant blobs. The average values of the ratio of AN, which was calculated 
for all the images acquired at temperatures of 79 and 89 'C, are listed in Table 4.2. 
According to these results, AN decreases with increasing film fon-nation times and 
increasing temperatures. Note also that the AJV ratio of "fingers" is clearly higher 
than for the blobs. Because the height of the fingers is difficult to measure, however, 
it is not possible to determine their volume with accuracy. In images in Figures 4.6 
and 4.9 in which blobs are seen on the surface, the ratio of surface area to volume 
(A/V) is given in the caption, along with the average feature height. 
Table 4.2: The Calculated Ratio of Average Surface Area-to-Volume of Surfactant 
features on Latex Surfaces 
Time (min. ) 
Film-Forming 36 90 
Temperature (OC) 
20>MFT No features 69.6 20.2 
30>MFT Finger-like 56.7 7.5 
Although these new morphologies were seen to develop with increasing temperature 
and/or time, and although the features have frictions that differ from the latex 
particles, they do not necessarily consist of surfactant. RBS was employed to 
determine conclusively if there is excess surfactant at the surface and to see if the total 
amount of surfactant changes with time and temperature. RBS provides a 
compositional depth profile of sulphur, which is present in the surfactant (and 
initiating salt) but not in the polymer. 
Sulphur compositional profiles obtained from RBS are shown in Figures 4.11 and 
4.12 for samples prepared at film-formation temperatures of 10 and 30 'C above MFT, 
respectively. These samples correspond to those studied with AFM in Figures 4.9- and 
4.9. Our calculations indicate that 2 wt. % surfactant on the polymer is equivalent to 
about 0.04 at. % sulphur overall in the latex films. In addition, the ammonium 
persulphate initiator (0.5 wt. % on the polymer) introduces sulphur at a concentration 
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of 0.027 at. % in the latex film. In total, therefore, the latex is expected to contain 
about 0.07 at. % S. The profiles in the figures reveal that at depths beyond about 0.1 
ptm into the surface, the films contain between about 0.03 and 0.12 at. % S. This 
measured range of values is expected when the surfactant and initiator (together 
contributing 0.07 at. %) is uniformly distributed throughout the latex film. 
Somewhat surprisingly, there is a clear sulphur enrichment at the sample surface in all 
latex samples, including those film-formed at 69 'C. That is, even in samples in which 
surfactant features are not apparent at the latex surface using contact/friction mode 
AFM (such as in Figures 4.3 and 4.5), RBS indicates sulphur - and thus surfactant - 
enhancement at the surface. The enriched layers at the latex surface consist of about 
0.4 at. % S, a value that is significantly above the bulk expected in the latex. 
Heating for 90 min. leads to a slightly enhanced level of S compared to 6 min. of 
heating for both temperatures, but these differences are comparable to the error of the 
measurements. The enriched layer extends over a distance of about 0.1 [im (100 nm) 
into the sample surface. This distance corresponds to nearly one latex particle 
diameter (144nm). It therefore seems that there is a build-up of surfactant only on the 
particles near the film surface. 
It is important to note in the sulphur depth profiles of Figures 4.11 and 4.12 that the 
concentration of sulphur does not decrease gradually, as would be expected if 
surfactant was being exuded to the surface. Instead, there is a thin layer of surfactant 
at the air surface overlaying a more uniform distribution of surfactant in the bulk at 
the expected concentration. These results indicate that there is no significant amount 
of surfactant transport perpendicular to the surface of the film-formed latex. The 
changes in morphology, observed by AFM, are therefore largely due to lateral 
transport of surfactant. 
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Figure 4.11: RBS spectra for latex samples film-formed at 69'C (IO'C above MFT) for 6 
and 90 min (A). Atomic percent sulphur is plotted as a function of depth into the sample (the 
surface is at the far left of the spectra). 
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Figure 4.12: RBS spectra for latex samples film-formed at 89'C (30'C above MFT) for 6 (9) 
and 90 min (A). Atomic percent sulphur is plotted as a function of depth into the sample (the 
surface is at the far left of the spectra). 
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An additional experiment was performed to confirm that the surface features observed 
by AFM were surfactant. A latex that was film-fon-ned at elevated temperatures was 
rinsed with de-ionised water several times. Figure 4.13 shows the surface of the latex 
sample prepared at 89 T for 6 min. Surfactant species (brighter phase in tapping 
mode), sitting on the top of the particles and forming flat features and also situated in 
the interstices of the particles can clearly be seen. Each particle is surrounded by a 
ring of a second phase, which shows some topographical information but mainly is 
revealed in phase image. 
If these phase-separated features apparent at the surface consist of surfactant, then 
they should be soluble in water. The same sample, shown in Figure 4.3, was rinsed 
with de-ionised water several times and then imaged again with AFM. Indeed, as 
shown in Figure 4.14, rinsing removed all the features, which were previously situated 
at the top on the particles or at the particle/particle interstices. The surface is rougher, 
as indicated by the RMS roughness values shown in the figure captions, with crevices 
in-between the particles. RBS analysis of rinsed latex films found that a higher 
concentration of S is no longer present at the surface. Thus, the sulphur phase is water 
soluble. 
The comparison of Figures 4.13 and 4.14 confirms two previously suggested ideas. 
Firstly, the phase-separated species that can be seen with AFM is likely to be 
surfactant, since it can be rinsed off with water. Secondly the surfactant is situated in- 
between the particles, since it is removed from this area after rinsing. Therefore even 
in cases in which phase-separated "fingers" or "blobs" at the surface cannot be seen 
by AFM, some surfactant is probably sitting at the interstices and on top of the 
particles as a very thin layer, which can be detected with RBS profiling. Similar 
results were found previously by other workers (Lam et al., 1997). Nevertheless, there 
still remains a possibility that sulphur from the initiator salt, whic6 is expected to 
be 
aý the polymer ends, could contribute to the sulphur 
found at the latex surface. 
Moreover, acrylic acid oligomers are water-soluble and we cannot conclusively say 
that they might also be found with AFM as a separate phase on the 
latex surface. 
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Figure 4.13: (A) AFM images of a sample film formed at 89T for 6 mm. The image was 
acquired before rinsing of the surface with de-ionised water. 
'Me second phase (possibly 
surfactant) can be seen clearly in the phase mode image 
(right hand side) as a brighter phase. 
It is deposited either at the interstices of the particles, 
forming a ring around them, or at the 
top of the particles, forming flat fairly thin pancake-shaped 
feature. (RMS=7.61 nm) (B) 3D 
representation of image A. 
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Figure 4.14- (A) AFM images of the sample film formed at 89T for 6 min and rinsed with 
de-jonised water. All the water-soluble species, previously apparent (Figure 4.13) on the top 
of the film or at the particle/particle interfaces, are removed (RMS=12.25 nm). (B) 3D 
representation of the topographical image in A. 
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In order to study the surfactant morphological development further, without the 
possibility of surfactant exudation, a series of experiments were performed using a 
surfactant-free acrylic latex. This latex, based on a copolymer of MMA, MAA and 2- 
ethyl hexyl acrylate, is charge- stabi li sed by initiator fragments. The latex was cast 
onto the rough surface of Si substrates and allowed to film-fon-n at room temperature. 
Figure 4.15 shows a typical AFM image of the surfactant-free latex. Polymer particles 
are readily apparent, as would be expected. 
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Figure 4.15: Surfactant-free latex film film-formed at room temperature 
Some surfactant-free latex films were immersed into an aqueous solution of 5 wt. % 
Nansa AS40 for one hour. Contact-mode AFM provides evidence for surfactant sitting 
at the particle/particle interfaces (Figure 4.16 A). The polymer particles appear to be 
smaller and well separated from each other after the film was soaked in the surfactant 
solution, presumably because the surfactant is deposited at the particle interstices. 
RBS analysis of this sample provides evidence for a thin (-10 nm) adsorbed layer of 
surfactant after samples had been immersed in the surfactant solution. 
The film was then annealed at 89 T for 6 min., in order to detect potential changes in 
surfactant morphology. AFM analysis was perfon-ned at the polymer/air surface after 
annealing. The results are shown in Figure 4.16 B and C. Individual particles appear 
smaller, as noted above. Furthermore, surfactant blobs develop at the surface, 
suggesting that at elevated temperatures the surfactant is transported along the acrylic 
latex surface. 
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Figure 4.16: (A) Surfactant-free film dipped in aqueous surfactant solution. The particles 
appear to be smaller in size and separated from each other because of surfactant sitting at the 
interfaces. (B) Surfactant-free film dipped in surfactant solution and then annealed at 89 'C 
for 6 minutes. The surfactant de-wets the surface and forms blobs; (C) Higher magnification 
of the region indicated by the dashed line in B. 
94 
0 10.1 Jim 0 10.1 lim 
Data t9pe Height Data t9pe Friction 
2 range 398 nm 2 range 2.87 V 
10.1 Jim 1) 10.1 
Data t9pe He i glht Data t9pe Friction 
2 ransfe 39 a nol 2 range 3.03 u 
02.94 om 0z, uq IJPG 
Data type He i Egli t Data type Friction 
2 range 398 n" Z range 2.87 V 
Chapter 4: Surfactant Concentration & Morphology at Surfaces of Latex Films 
Surface tension measurements as a function of the concentration of Nansa AS40 
surfactant in the MMA-BMA-MAA latex are reported in Figure 4.17. Surface tension 
decreases with an increasing amount of surfactant until a minimum of - 29 mN/m is 
approached at a concentration of 3 wt. % on the polymer. This concentration 
corresponds to saturation of the air/water interface at the critical micelle concentration 
(CMC). 
The surface tension of the as-prepared latex dispersion containing 2 wt. % surfactant 
indicates that surfactant is present at the interface of latex serum with air, which 
causes a reduction in the surface tension, but the interface is not initially saturated 
with surfactant. Application of the Gibbs' equation (Rosen et al., 1989) to surface 
tension measurements of aqueous surfactant solutions calculates that the surface 
excess concentration of surfactant is 6.2 x 10-10 mole/cM2 . For comparison, the surface 
tension of the surfactant-free latex was measured to be 58 mN/m. This value is lower 
than that for water (72 mN/m). I suggest that the surface tension might be lowered by 
the presence of water-soluble copolymers containing initiator fragments. It is not 
expected that the latex particles are surface active and so should not be present at the 
air/water interface. 
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Figure 4.17: Surface tension of an acrylic latex dispersion after post-addition of Nansa 
surfactant at various concentrations. A plateau value of 29 mN/m is approached at higher 
surfactant concentrations, corresponding to the saturation of the surfactant at the water/air 
interface. At 2 wt% of surfactant on the polymer, which is the initial concentration in the latex 
synthesis, the saturation is not achieved. 
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As seen previously in Figure 4.7 and 4.9 B, elongated needle-like features are 
observed at the surface. The question I will now try to answer is whether these 
features are composed of surfactant or initiating salt (ammonium persulfate (APS)). 
To answer that question, extra salt (1 wt. % on the polymer) was added to the latex 
dispersion. The dispersion was then cast on the rough side of a Si substrate and film- 
formed at 89 OC for 6 min. An SEM image of the film surface is presented in Figure 
4.18. As can be seen, increase in the concentration of salt caused an increase in the 
number of needle-like features observed. Other workers (Sein et al., 1995) pointed out 
that an increase of the amount of salt in an aqueous solution of sodium dodecyl 
benzene sulphonate causes packing of molecules into a lamellar array. In a latex 
solution a similar behaviour is expected, which potentially results in the fori-nation of 
crystal-like features composed of both surfactant and salt, which are then deposited on 
the surface of the latex film. 
Figure 4.18: SEM image of the needle-like features present at the surface of a latex film 
prepared at 89 T for 6 min. Extra salt (I wt. % on the polymer) was added to the dispersion 
prior to casting. 
QLn Invother experiment, an aqueous solution of A-PS (0.165 wt. %) was allowed to 
evaporate on a substrate. Optical microscopy revealed the existence of needle-like 
crystals of APS. Thus, it is likely that the needle-like features on the latex surfaces are 
composed of APS. 
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4.4 Further Discussion 
There are two primary findings in this Chapter. (1) Anionic surfactant (not adsorbed at 
the particle/water interface) is always present at the surface of the acrylic latex films, 
regardless of the film-formation conditions. (2) The morphology of the surfactant 
features evolves from finger-like structures to flat blobs to fewer, thicker blobs. Each 
of these findings will be discussed in turn, providing possible explanations for them. 
4.4.1 Surfactant Deposition on the Latex Surface 
Referring back to -O)e RBS analysis, I would like to stress that surfactant is enhanced 
at the latex surfaces immediately upon film formation. That is, even in a latex film- 
formed at 10 'C above the MFT for only 6 min., there is a higher concentration of 
surfactant at the air surface. Whereas other workers have studied systems in which 
surfactant is exuded over long periods of time at elevated temperatures (as discussed 
in Chapter 2), the experimental data presented in this Chapter suggest that in this latex 
system, the surfactant is not expelled from the bulk latex but is deposited at the sample 
surface during the drying process. Moreover, it does not appear that surfactant is 
being exuded to the surface when the latex is heated at elevated temperatures, because 
there is not a compositional profile of surfactant extending into the surface. 
It has been shown elsewhere (Sem et aL, 1995) that a surfactant very similar to Nansa 
AS40, sodium dodecylbenzene sulfonate, displays a rich range of aggregate 
a 
morphologies, depending on salt concentration. As is typical/, \for double-tailed 
surfactant, various types of lamellar vesicles are formed. In some cases phase 
separation into surfactant rich and surfactant lean phases occurred. In this work, it is 
expecýthat during the film formation, when the surfactant and salt concentration are 
continuously changing, aggregates and/or phase separation of the Nansa AS 40 
surfactant could develop. Aggregates or separate phases, if present at the latex air 
surface, would contribute to the surfactant present there and thus explain these results. 
An additional explanation for the origin of the surfactant layer at the air surface is as 
follows. The surface tension measurements reveal that there are surfactant molecules 
adsorbed at the water/air interface. As film formation proceeds, and particles come 
into contact, the surface area of each particle available for surfactant adsorption is 
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reduced. Surfactant desorption is expected. Indeed, desorption of sodium dodecyl 
sulphate has been observed experimentally during the film formation of a core-shell 
latex (Kientz et al., 1994). While water is still present in a film-forming latex, 
desorbed surfactant will migrate to the air/water interface where it will be adsorbed 
(Rosen et al., 1989). 
As the water evaporates and the water ftont recedes below the level of the polymer 
particles, it can be suggested that the surfactant at the air/water interface is deposited 
on the top of the particles at the film surface. When the surfactant molecules are 
deposited at the polymer/air interface, they will attempt to re-establish equilibrium 
(Clint et al., 1992). If the film-formation temperature is just above MFT, then film 
formation takes several minutes. There will therefore be sufficient time for surfactants 
to re-adsorb onto the polymer or at least to be deposited as a thin layer without any 
particular topographical variations. Hence, surfactant features are not observed at 5 
and 10 OC above the MFT with AFM, but RBS indicates a higher concentration of 
surfactant near the latex surface. 
When the film-forming temperature is higher (30 OC above the MFT) then the film 
formation is very abrupt, and therefore there is not sufficient time for equilibrium to 
be re-established (Clint et al., 1992). At these temperatures the instantaneous local 
variations in surfactant concentrations (or local tension) do not have time to relax. 
Individual molecules (and perhaps micelles (Sein et al., 1995)) are deposited, forming 
non-uniform clusters that can be described as "fingers. " 
Figure 4.19 shows a proposed scheme for this process. The dispersion is cast onto a 
substrate in Phase 1. The coverage of the particles by surfactant is about 67 % but 
some surfactant is also adsorbed at the air/water interface. In Phase II evaporation of 
water has increased the concentration of the dispersion. As particles come into 
contact, surfactant desorption occurs, leading to more surfactant migrating to the 
air/water interface. If water evaporation is relatively slow, such as at lower 
temperatures, then in Phase III the surfactant at the air/water interface is deposited 
onto the particle surfaces, where it is adsorbed and forms a monolayer. When the 
evaporation is faster, such as at higher temperatures, then the layer 
formed in Phase III 
is not uniform, and morphology, such as 
in Figures 4.6 C and 4.9 C, develops. In 
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many cases, there is a fourth phase, in which fingers and blobs develop with time. 
This phase will be discussed next in detail. 
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Figure 4.19: Schematic representation of the process of surfactant rearrangement at the 
surface as a function of film formation temperature and time. 
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4.4.2 Morphological Development of Surfactant Blobs 
The morphological development of the surfactant species will be considered next. 
Figures 4.3 through 4.10 illustrate the evolution of morphology with time at various 
temperatures. The RBS analysis reveals that the amount of surfactant at the latex 
surfaces is approximately constant with time. Additional surfactant is not exuded to 
the surface in significant amounts once the film is optically-clear (Figures 4.11 and 
4.12). It can be concluded that in Phase IV the surfactant merely changes its 
morphology (i. e. laterally re-arranges itself) when it is heated at elevated 
temperatures. In a similar way, surfactant deposited on the surface of the surfactant- 
free latex re-arranges to form blobs, as already shown in Figure 4.16. 
There is a clear and definite progression in the surfactant morphology. At lower film 
forination temperatures (5 and 10 T above MFT), although surfactant is present as a 
thin layer on the surface (according to RBS), finger-like or blob structures do not 
develop after times up to 90 minutes. At higher temperatures, in comparison, there is 
a reproducible evolution from a thin layer, to fingers, to pancake-like blobs, to 
hemispherical blobs. At the same time, the AN ratio decreases (as shown in Table 
4.2). 
This observed evolution in morphology can be explained by suggesting that it reduces 
the surface energy of the surfactant features. The formation of finger-like structures is 
an apparent de-wetting process driven by a reduction in surface energy. By forming 
thicker and larger blobs, the fingers then reduce their surface area and therefore lower 
their surface energy. At the same time, of course, the surfactant de-wets the latex 
surface and thereby creates a new polymer/air interface. 
4.5 Concluding Summary 
The fate of an anionic surfactant during film formation of an acrylic latex has been 
studied. In the latex dispersion, surface tensiometry reveals that surfactant is adsorbed 
at the water/air interface. RBS analysis shows that under all conditions of film 
formation, the latex surface is similarly enriched with surfactant. At higher 
temperatures and longer times of film formation, surfactant blobs are observed with 
AFM at the latex surface, but there is no evidence from RBS for surfactant diffusion 
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through the latex film toward the surface in an exudation process. I therefore conclude 
that a surfactant layer is deposited on the film surface as the drying front recedes 
below the particle surface. At elevated temperatures and extended times, the surfactant 
de-wets the hydrophilic latex surface, and the surfactant morphology changes over 
time, so as to decrease the ratio of surface area-to-volume and thereby minimise the 
surface energy. The total concentration of the surfactant at the surface, however, 
remains roughly constant. 
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Chapter 5 
Effects of Ageing of the Latex 
Dispersion on Surfactant 
Morphology and Concentration 
5.1 Introduction 
The previous Chapter explored the influence of film formation time (at elevated 
temperatures) on surfactant concentration and morphology at the polymer/air interface 
of a high Mw latex surface film. AFM and RBS data indicated that there is always a 
higher concentration of surfactant present at the polymer/air interface regardless of the 
film formation temperature and time. The data indicated that film formation at elevated 
temperatures and/or times does not cause migration of additional surfactant to the 
polymer/air interface. Surfactant, present in the serum, is deposited at the polymer/air 
interface after water evaporation is completed. When the film is held at relatively high 
temperatures and/or long times the surfactant de-wets the surface and forms dome- 
shaped features. 
In Chapter 4, the latex dispersion had been stored in a glass container for 
approximately 6 months prior to use. A certain degree of water evaporation along with 
other colloidal changes had already occurred over this time. These changes were 
accelerated because of the frequent use of the dispersion for sample preparation and the 
inevitable exposure of it to the open air. 
The aim of the work presented in this Chapter is to clarify the effect of ageing of the 
dispersion prior to film formation on the surfactant concentration and morphology. 
Ageing is defined here as the process of water evaporation and related changes that 
occur while the latex remains in the storage container or because of intermittent 
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exposure to the open air. The ageing process was re-created by purposely leaving the 
storage container of a freshly-prepared latex dispersion open to the air at room 
temperature, in order to accelerate the evaporation. 
AFM was employed for topographical and viscoelastic analysis of the polymer/air 
surface. Elemental profiling was also performed by RBS, in order to probe for the 
differences in the concentration of sulphur near the surface of samples prepared from 
dispersions of different age. Measurements of the dispersions' pH and surface tension 
value5during the ageing process provided further insight concerning the redistribution 
of surfactant that took place. 
5.2 Experimental Materials and Procedures 
5.2.1 Latex Polymerisation and Film Formation 
The latex dispersion used in the work presented here is the same one used in Chapter 
4. Details concerning the synthesis can be found in Chapter 4 and Paragraph 4.2.1. 
The process of casting and film forination is identical to the one described in Chapter 
4 (Paragraph 4.2.2). 
5.3 Experimental Results and Discussion 
5.3.1 Atomic Force Microscopy 
In order to investigate the effects of ageing, a fresh dispersion was synthesised (at 
Zeneca Resins, the Netherlands). This dispersion was used, shortly after its synthesis, 
to prepare a film at 30 OC above the MFT for 90 min. According to the results 
presented in Chapter 4 (Figure 4.9 Q, large, phase-separated, dome-shaped surfactant 
features are expected at the polymer/air interface, when the film is prepared under these 
conditions. 
Surprisingly, as can be seen in Figure 5.1, the polymer/air interface does not exhibit 
such phase-separated features, which can otherwise be identified topographically. 
Apart Wom the latex particles -, there 
is no indication of a second phase at the air 
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surface. The phase image does not exhibit any significant phase differences either. It is 
dominated by topographical information and the phase difference seen can be 
attributed to the roughness caused by the hills and valleys, which correspond to the top 
of the particle and the p arti cle-p article interfaces, respectively. 
The topographical image also indicates that the particles are defortned and packed into 
a hexagonal array. The structure is fairly ordered, although some surface voids can be 
seen, which are attributed to missing particles. 
e 
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Figure 5.1: AFM images (topographic on the left and phase image on the right) of a latex film 
obtained from a fresh high Mw latex dispersion. The films were film-fon-ned at 89 T (30 T 
above the MFT) for 90 min. 
The ageing process was then re-created by leaving the container of the latex dispersion 
n still a' or a time open 1 ir at room temperature, to allow some of the water to evaporate, f 
period from 3 to 10 days. During that period the pH, solids content and surface tension 
of the dispersion were monitored and the results are presented in Table 5.1, shown 
below. As can be seen from Table 5.1, the solids content of the dispersion increases as 
expected with water evaporation), the pH decreases, and the surface tension also 
increases. 
During the ageing process, small amounts of the dispersion were removed in order to 
prepare films after 3,6,8 and 10 days of ageing. The air surfaces of these films were 
analysed by AFM and RBS. 
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Table 5.1: Values of pH, Solids Content and Surface Tension of Latex Dispersions 
* Freshly-prepared dispersion. 
+ The dispersion was left open to the air, allowing evaporation to occur. 
4 Slow evaporation occurred as the latex dispersion was stored in its container (with its 
lid not fully secure) for over six months after its preparation. 
Figure 5.2 shows the polymer/air interface of a film prepared from a three-day aged 
latex dispersion. The surface appears to be fairly similar to that of a freshly prepared 
latex dispersion (Figure 5.1). Figure 5.2 B exhibits some phase contrast mainly at the 
interfaces between the particles. As previously discussed in Chapter 4, the 
particle/particle interstices are potential areas of surfactant location. It was shown that 
after rinsing the surface with de-ionised water, the surfactant sitting at the interparticle 
areas is removed and the roughness of the surface increases (Figures 4.13 and 4.14). 
Nevertheless , it is not straightforward 
from Figure 5.1 to determine whether the phase 
contrast seen at the particle interstices can be attributed to surfactant (and water 
soluble) species or to topography. 
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Figure 5.2: AFM images (topographic on the left and phase image on the right) of a latex film 
obtained from a3 days aged high Mw latex dispersion. The films were film-formed at 89 
(3 0T above the MFT) for 90 min. (A) 5 ýim x5 ýtm and (B) 2 ýtm x2 ýtm - 
In Figure 5.3 the air interface of a film prepared from a six-day aged latex dispersion 
is shown. Distinct features of a second phase (apart from the polymer particles) can 
clearly be seen at the surface. There are two main types of features apparent. Some 
exhibit topographical inforination, which is dominant in both tapping and phase 
images. Other features are less apparent topographically because of their small height. 
Nevertheless the features can be revealed clearly in phase mode because of the 
viscoelastic differences between "clean" polymer and surfactant. Based on the study 
presented in Chapter 4, these features are probably surfactant and other water-soluble 
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species. Supportive evidence that these features are indeed surfactant are presented 
below. 
a 3.59 am a 
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Figure 5.3: AFM images (topographic on the left and phase image on the right) of a latex film 
obtained from a6 days old high Mw latex dispersion. The films were film-fon-ned at 89 
OC (30 
T above the MFT) for 90 min. (A) 3.91 ýim x 3.91 ýtm and (B) 3.59 ýtm x 3.59 Vtm. The white 
arrows indicate probable surfactant species apparent at the film surface. 
In Figure 5.4 the air surface of a sample prepared from an eight-day aged latex 
dispersion is shown. Separated species of a second phase (possible surfactant) can 
be 
seen. Those features appear to be sitting on the top of the particles and 
they are 
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reminiscent of the dome-shaped features, shown in Chapter 4, which resulted from the 
surfactant de-wetting the surface. 
.... .... . ...................... ------- --------------------- 0 1.20 0 1.20 
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Figure 5A AFM images illustrating ageing effects in a high Mw latex dispersion. AFM 
image acquired from the polymer/air interface of a film prepared from a dispersion aged for 8 
days. (A) 1.20 ýtm x 1.20 ýtrri and (B) a 3D representation of the image shown in A. 
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In other areas of the same sample (prepared f0cm an eight-day aged latex dispersion) 
the surface is partially covered by a thin layer. There are some regions where the 
"clean" particles are apparent (Figure 5.5) and others where they are completely 
covered. Small dome-shaped and needle-like features are also seen. 
Data type Height 
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Figure 5.5: AFM images illustrating the ageing effects of a high Mw latex dispersion prior to 
casting. AFM images acquired from the polymer/air interface of a film prepared from a 
dispersion aged for 8 days. (A) 4.38 ýtm x 4.38 ýtm and (B) 1.89 ýtm x 1.89 ýtm. 
When the dispersion was aged for ten days prior to casting, then the sample surface 
exhibits features that are larger in height and area, as seen in Figure 5.6. 
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Figure 5.6: AFM images illustrating the ageing effects of a high Mw latex dispersion. AFM 
image acquired from the polymer/air interface of a film prepared from a dispersion aged for 10 
days (5.95 ýtm x 5.95 ýtm area). The film was prepared at 89 T (30 T above MFT) for 90 min. 
Section analysis, shown in Figure 5.7, is used to determine the height of the phase- 
separated features apparent at the polymer/air interface. The features appear to increase 
in height and size with increasing ageing time of the dispersion. 
So far it has been presumed that these features at the film surface are composed of 
surfactant. RBS analysis was used to detennine if a higher sulphur content was 
observed at the surface, which is associated with the surfactant and water-soluble 
polymer containing initiator fragments. The RBS results are presented next. 
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Figure 5.7: Section analysis of latex samples prepared from (A) 3-day aged (Figure 5.2 A) 
(B) 8-day aged (h = 94 nm) (Figure 5.4 A) and (C) 10-day (h=786 nm) (Figure 5.6) aged 
dispersions. 
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5.3.2 Rutherford Backscattering 
In Figure 5.8, sulphur concentration profiles obtained with RBS of three samples 
(fresh, 8 and 10 days aged) are shown. The data indicate that there is a small sulphur 
peak at the polymer/air interface of the sample prepared from a fresh dispersion, which 
can be attributed to surfactant and initiator (Figure 5.1). The concentration of sulphur at 
the surface is about 3.2- 1015 atomS/CM2 , and it 
is definitely higher than in the bulk of 
the film. Although the AFM analysis did not show any indication of phase separated 
species, RBS profiling shows a clear sulphur peak. Thus, some surfactant and perhaps 
water-soluble species are present at the very top surface of the film as a thin layer or in 
the interparticle space. 
Furthermore, samples prepared from 8 and 10-days aged latex dispersions exhibit an 
increase of the sulphur peak, as shown in Figure 5.8 B and C. The sulphur S 
concentration at the polymer/air interface of a film prepared from an 8-day aged latex 
dispersion was calculated to be 5.9* 1015 atomS/CM2' which is significantly higher than 
the S concentration apparent at the air interface of a film prepared from a fresh 
dispersion (Figure 5.8). In this case, AFM clearly reveals dome-shaped features on the 
surface that can be attributed to surfactant and probably initiator fragments. Ageing of 
the dispersion for 10 days results in an even higher concentration of sulphur of 
9.4* 1015 atomS/CM2 . 
Likewise AFM images of the same interface reveal the existence 
of dome-shaped features of much larger height and size. Thus RBS analysis on the 
samples prepared from aged dispersion indicate that overall amount of sulphur at the 
air interfaces increases as the ageing time of the dispersion increases (Table 5.1 
summanses this RBS analysis). 
Sulphur is present in the initiating salt (ammonium persulphate) as well as the 
surfactant. The amount of sulphur present because of the salt is very small (only 0.5 
wt. % on the polymer) in comparison to the sulphur present because of the surfactant (2 
wt. % on the polymer). Nevertheless, some fragments of un-initiated salt and also some 
sulphur-containing polymer chain ends might be present at the surface along with the 
surfactant. Thus the sulphur profiles, acquired by RBS, provide information concerning 
the depth distribution of both surfactant and salt. 
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Figure 5.8: RBS spectrum of films prepared from (A) "fresh", (B) 8 days and (C) 10 days 
aged latex dispersion. Films were formed at 89 T (30 T above MFT) for 90 min. The 
horizontal axis in the RBS spectrum is proportional to the depth from the surface. 
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Note that sulphur depth profiles (Figure 5.8) show that the concentration of sulphur 
does not decrease gradually, as would be expected if surfactant was being exuded to 
the surface. Instead, there is a thin layer of surfactant at the air surface with a more 
uniform distribution of surfactant in the bulk. This is what would be expected in cases 
where the surfactant (and water soluble species), which are already present in the 
serum are deposited at the top of the film after the completion of water drying. Ageing 
of the dispersion seems to cause an increase of surfactant present in the serum as will 
be discussed next. 
5.4 Further Discussion 
Upon water evaporation and subsequent redistribution of water-soluble species, we 
observed an increase in solids content, a pH decrease, and a surface tension increase as 
shown in Table 5.1. This Table also shows the values obtained from the dispersion 
stored in a container for six months (i. e. "slowly aged") for comparison. These data 
indicate that ageing the sample by purposeful water evaporation has similar effects to 
ageing it in the container over six months. 
In the films cast from dispersions left open to the air for several days (3,6,8 and 10), 
distinct phases were apparent at the surface, especially when the film is fori-ned at 
relatively high temperatures (20 or 30 OC above the MFT). There is a general trend for 
the size of the dome-like blobs to increase with the ageing time of the dispersion 
(Figure 5.7). These surfaces look distinctly different to the surface of a latex cast from 
a fresh dispersion and film-formed under identical conditions (shown previously in 
Figure 5.1). 
The RBS analysis reveals that in all samples studied, a higher concentration of sulphur 
was observed at the surface. The overall amount of sulphur at the air interface increases 
with the length of time that the dispersion was left open to the air. This sulphur must be 
associated with either the surfactant (containing sulphonic acid groups) or with the 
ammonium persulphate initiator. The increased amount of sulphur found at or near the 
surface correlates with the larger features observed with AFM. Although the presence 
of polymer fragments containing the initiator can not be ruled out, I suggest that most 
of the sulphur seen at the latex surface is associated with the surfactant. Previous work 
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(Chapter 4) found that the surface features were water-soluble and could be removed 
by rinsing with water. 
The data suggest that ageing of the latex dispersion prior to film fon-nation encourages 
a higher concentration of surfactant to appear at the air surface upon film formation. 
Other workers (Thorstensen et al. 1993) have concluded that ageing and water 
evaporation disturb the surfactant absorption equilibrium, since the ionic strength of the 
aqueous phase is altered. They observed the migration of sodium dioctyl sulf0succinate 
(SDOSS) to the interfaces of films produced from a latex based on a copolymer of 
ethyl acrylate and methacrylic acid. They have suggested that over time, if and when 
flocculation occurs, surfactant is displaced from the particle surfaces. It then builds up 
in concentration in the serum and adsorbs at the solid/liquid and liquid/air interfaces. 
The process results in higher concentration of surfactant at the film interfaces. 
There was no noticeable sedimentation of the dispersions studied here throughout the 
ageing process, but flocculation cannot be ruled out as a contributing factor to the 
higher surfactant concentration found at film surfaces after ageing of the dispersions. 
Indeed the decrease in surface tension of the aged dispersions (Table 5.1) is consistent 
with the adsorption of surfactant there. It can be assumed that ageing of the dispersion 
prior to casting encourages the desorption of surfactant from the particle surface and 
into the serum. During water evaporation the surfactant (and water-soluble species), 
which is already free in the serum, is deposited at the top of the film as also suggested 
in Chapter 4. As in the previous Chapter, there is no evidence for a sulphur out- 
diffusion profile after film formation. 
5.5 Concluding Summary 
The experimental results presented in this chapter suggest that ageing of the latex 
dispersion prior to casting encourages surfactant enrichment of the polymer/air 
interface. This result appears initially to contradict the result presented in Chapter 4, 
where the overall concentration of surfactant remains the same regardless of the film 
formation temperature and/or time. However, all the experiments presented in Chapter 
4 were performed on a6 months aged latex dispersion, whereas the work presented in 
this Chapter was performed on latex dispersions of different ages. Ageing of the 
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dispersion might lead to flocculation and subsequent desorption of surfactant, leading 
to a higher surfactant concentration in the serum and at the liquid/air interface. In turn, 
this surfactant, which builds up with increased ageing times, is deposited on the surface 
during film formation, as the water recedes from the surface. On the other hand, 
increase of the film formation temperature and/or time of a latex dispersion of the same 
age does not cause any further migration of surfactant but rather a de-wetting process 
of the surfactant that is already present at the air/surface. 
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Chapter 6 
Molecular Weight Effects on Latex 
Film Formation and Surfactant 
Morphology 
6.1 Introduction 
It is well known that viscosity, self-diffusion coefficient and glass transition 
temperature are strong functiomof molecular weight (Mw) (see Chapter 2, Paragraph 
2.5). The work presented in this Chapter aims to compare the efficiency of film 
formation in latexes of the same nominal composition (BMA/MMA/MAA) but with 
varying molecular weight (from 7,500 to 704,000). 
In an attempt to take into account the fact that a lower latex molecular weight leads to 
a lower Tg, lower viscosity and possibly lower modulus, the film formation at 
equivalent increments above the minimum film-formation temperature (MFIF) for 
each of the latexes is compared. 
Ellipsometry and AFM were employed in order to investigate the evolution of surface 
roughness and void volume concentration of films prepared from different molecular 
weight lateýes as a function of film-forming temperature and time. The water 
plasticisation has also been investigated as a function of the molecular weight. In 
addition, the polymer molecular weight effect on the behaviour of the surfactant 
concentration and morphology during film formation was studied using AFM. 
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6.2 Experimental Materials and Procedures 
6.2.1 Latex Polymerisation and Characteristics 
The latexes under investigation here were based on a copolymer of 10 wt. % methyl 
methacrylate (MMA), 85 wt. % butyl methacrylate (BMA) and 5 wt. % methacrylic 
acid (MAA) prepared by standard procedures of emulsion polymensation (Lovell et 
al., 1997). The characteristics of the four different molecular Mw latexes can be found 
in Table 1. For ease of discussion, these are referred to as very-low, low, medium and 
high Mw latexes. The glass transition temperature of each of the polymers decreases 
with decreasing molecular weight, as expected from the Fox-Flory Equation (Eq. 2.13). 
The synthesis of the high Mw latex of this series was described in Chapter 4. The other 
molecular weights were synthesised in a similar manner. Molecular weight 
modification was achieved by addition of a transfer agent (Koercaptan). 
Table 6.1: Characteristics of the MMAIBMA/MAA Latex 
Mw (Daltons) 7,500 15,130 29,000 704,000 
MWIM" 1.70 1.86 1.95 2.34 
pH 7 7 7 7 
Percent of Solids 38.7 38.2 38 39.8 
Particle Size (nm) 165 150 146 144 
MFT ('C) 19 37 49 59 
Glass Transition 
Temperature* ( 'Q 
43 60 68 73 
Tg MFT ('C) 24 23 19 14 
* Determined using dynamic mechanical thermal analysis at I Hz on dried films. 
6.2.2 Sample Preparation and Characterisation 
To prepare samples for ellipsometry and AFM, 0.5 ml of a latex dispersion was cast 
on the rough surface of a silicon single crystal substrate (4 cm x4 cm) using a Meyer 
Bar. Samples were heated in air at various temperatures (5,10,15,10,30 and 40 OC 
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above their MFT) using a Linkam heating stage. This heating stage was placed on the 
ellipsometer when performing dynamic scans. Dispersions were cast at room 
temperature, then heated at 90 'C/min to the film formation temperature. For dynamic 
ellipsometric scans, the measurement was initiated approximately 5 min. after casting, 
which is the time required for sample alignment. When quantitative information on 
dry latex films was required, angular or spectroscopic scans were performed 
immediately after optical clearance of the film. 
To prepare samples for TGA and DMTA measurements the latex dispersions were 
cast on card and film-formed in an oven at 10 T above their respective NIFIF. When 
optical clarity was achieved, the sample was left in the oven as it cooled to room 
temperature. For TGA analysis, a small piece (approximately 20 mg) of the film was 
peeled from the substratc after the films had been stored at room temperature and 
room humidity for one day. During the analysis, samples were heated to 300 OC at a 
rate of 3 OC/min. For DMTA analysis a rectangular piece of latex film was peeled 
from the substrate (typically 20 mm x 40 mm x 0.1 mm). The experiments were 
performed in the tensile configuration at a frequency of I Hz. 
6.3 Experimental Results and Discussion 
6.3.1 Void Content & Surface Roughness of Dry Films 
Angular scans were performed on each of the samples (prepared from different 
molecular weight latexes) immediately after the completion of water evaporation in 
order to probe the surface roughness and void volume concentration evolution, as a 
result of ageing. As discussed in detail in Chapter 3, ellipsometry is a model dependent 
technique. -TIherefore,, interpretation of the ellipsometry data requires fitting of the 
experimental results to a suitable model. The theoretical model used for this work was 
shown in Figure 3.2. 
Figure 6.1 presents measurements of surface roughness and void volume fraction 
obtained by fitting the data to the above-mentioned model. 
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Figure 6.1: (A) Surface roughness and (B) bulk void concentration as a function of time after 
latex film formation for high (*), medium (0), low (*) and very low (A) Mw latex. All the 
films were heated at 10 T above their MFT. 
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Measurements were made at regular time intervals (-2 min), with time zero 
corresponding roughly to the point after completion of water evaporation and the onset 
of optical clarity. The temperature of film formation for each sample was 10 'C above 
the particular MFT to enable easy comparison. 
These ellipsometry data indicate that there is a decrease with passing time in both void 
content and surface roughness of the films prepared from each and every of the 
different Mw latexes. These changes are consistent with what is expected during latex 
particle coalescence, which causes the closure of the voids and the formation of a 
denser and smoother film. Figure 6.1 also reveals that films prepared from the high 
Mw latex show much higher surface roughness and void percentage in comparison to 
films prepared from all the other Mw latexes investigated. Moreover, reduction of both 
parameters occurs much faster in high Mw films than in medium and low. Note that no 
significant change in surface roughness and void volume concentration was observed 
in films prepared from the very low Mw latex, which indicates that these films acquire 
their maximum density immediately after water evaporation. 
Likewise, when the very low Mw latex films were heated for 6 min at various 
temperature increments above the MFIF, no significant reduction of surface roughness 
and void volume concentration was observed with increasing temperature, as shown in 
Figure 6.2. This finding indicates that very low Mw latex films acquire their maximum 
density at a film-forming temperature as low as 24 OC (i. e. 5 OC above the NIFT). In 
contrast, when films prepared from low, medium and high Mw latexes at comparable 
temperatures (5,10,20,30 and 40 T above their respective NIFT values), both bulk 
void content and surface roughness decrease with increasing temperature. There is 
more extensive particle coalescence and surface smoothing at higher temperatures. As 
also shown in Figures 6.1 and 6.2, roughness and void concentration (for a given 
temperature relative to the MFT) increase with increasing molecular weight. 
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Figure 6.2: (A) Surface roughness and (B) bulk void concentration as a function of film 
formation temperature above MFT after 6 min of film-formation for high (*), medium (0) low 
(X) and very low (A) Mw latex. The lines are a guide to the eye. 
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Thus, from Figure 6.1 and 6.2, it can be concluded that the lower Mw latexes are more 
efficient in film formation, based on measurements of void content, in comparison to 
higher Mw ones. I note, however, that the presence of surfactant features at the latex air 
surface (to be discussed in Section 6.4) obscures, in some cases, the measurement of 
surface roughness due to the polymer alone. Nevertheless, the measurements of the 
overall observed trends in latex roughness should be valid. 
6.3.2 Dynamic Measurements of Film Formation 
Until this point, the analysis of films after their formation is reported. The 
morphological changes that occur during film formation for films prepared from the 
different Mw latexes were additionally probed. Figure 6.3 shows the raw ellipsometry 
data that were acquired during the film formation of a low Mw latex film, prepared at 
10 OC above the MFIF. There are abrupt steps in T and A corresponding to the onset 
of optical clarity (which is usually associated with film formation). Note that 
additional changes in T and A occur after this point. 
Since only single (T, A) pairs are measured during a dynamic scan, it is not possible 
to determine reliably the surface roughness and void content. Data, such as shown in 
Figure 6.3, however, can be inverted to obtain the complex pseudo-refractive index, 
<N>, as a function of time. The pseudo-refractive index is obtained directly from the 
ellipticity, p, as shown by Equation 3.12 (Chapter 3, Paragraph 3.2.2). 
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Figure 6.3: A typical dynamic ellipsornetry scan of a film prepared from a low Mw latex 
dispersion at 10 T above the NIFT. The ellipsometry parameters, T (*) and A (*), are plotted 
versus time after latex casting (as film formation proceeds). Data were obtained using a 
wavelength of 500 nm and angle of incidence, 0j, of 56 '. 
The film formation of each of the latexes, starting with the lowest Mw will be 
considered now. Figure 6.4 reports the evolution of <n> acquired from films prepared 
from the very low Mw latex at three different film formation temperatures, all above 
the MFT. At each temperature, the <n> increases continuously as the water evaporates 
and reaches a maximum plateau value of about 1.48, which corresponds to the index 
of the fully-dense polymer. The plateau value does not increase with film formation 
temperature. Thus, even at the lowest temperature (24 OC, which is just 5 'C above the 
MFIF) the maximum density is obtained immediately upon the evaporation of water. 
This finding is in agreement with the previous analysis, where both surface roughness 
and void content of the very low Mw latex film were lower than the other Mw films 
and constant with film forming temperature and time (Figure 6.1 and 6.2). 
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Figure 6.4: Dynamic evolution of <n> acquired from very low Mw latex films prepared at 
5T (A), 10 T (*), and 20 T (0) above the MFIF. 
Figure 6.5 shows <n> and <k> dynamic data for the low Mw latex. At 5T above the 
NIFT, <n> initially increases during film formation but then experiences a sudden 
drop as the film dries. The <n> then increases slowly over time. It takes in the order 
of two hours for the closure of all voids and for <n> to attain a value of 1.48. When 
the same latex was prepared at 10 OC and 20 OC above the NIFT, the <n> shows a 
distinctively different shape. There is no indication of a reduction in the <n>. Instead 
<n> increases continuously with time until it starts to approach the plateau value. At 
10 'C above NIFT, there is still a slight upward slope, which is indicative of further 
particle coalescence. At the highest temperature, <n> remains stable with time at the 
plateau value (1.48) once drying is completed. 
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The pseudo-extinction coefficient (<k>) is also shown (Figure 6.5B). At the highest 
temperature, <k> changes very little over time, suggesting that there is not significant 
surface roughening or void formation. At the two lower temperatures (5 and 10 OC 
above MFT), the <k> initially increases, which is attributed to the increase of surface 
roughness with the evaporation of water. <k> reaches a maximum value when all the 
water is evaporated and then decreases, probably because of a decrease in surface 
roughness and void content accompanying further particle coalescence. This effect is 
more dominant at the lowest film formation temperature. This result is similar to what 
has been observed previously (Keddie et al., 1995), where particle coalescence 
proceeds much faster at elevated temperatures. 
In Figure 6.6 the pseudo-refractive index of films prepared from the medium Mw 
latex at three temperatures above its NEFT (10,20 and 30 OC above the MFr) is 
shown. 
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Figure 6.6: Dynamic evolution of the pseudo-refractive index (<n>) for films prepared from 
medium Mw latex at 10 'C (0), 20 T (*) and 30 T (0) above the NfFT. 
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When the film was prepared at 10 T above the NEFT, the <n> shows a drop, which is 
indicative of the existence of voids in the bulk of the film. Note that for the low Mw 
latex annealed at equivalent temperature above its respective MFIF, the <n> exhibits a 
continuous, ever-increasing shape. This observation indicates that low Mw latex is a 
better film former than medium, at 10 OC above their respective MFT. Moreover, 
when the medium Mw latex film was annealed at 20 and 30 T above the NIFT, the 
<n> shows a continuous increase, which is what would be expected when a dense and 
void-free film is formed immediately after water evaporation. 
Figure 6.7 compares the film formation of very low, low and medium Mw latexes, 
each at 10 'C above their respective MFT values. The arrows indicate the points 
where the films become optically clear and where most of the water has evaporated. 
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Figure 6.7: Dynamic evolution of <n> acquired from films of very low (X), low (0) and 
medium (*) Mw latexes prepared at 10 T above their MFIF values. The arrows indicate the 
points where the films become optically clear. Their relative positions reflect the slower 
evaporation time of water at lower temperatures. 
128 
Chapter 6: Molecular Weight Effects on Latex Film Formation & Surfactant Morphology 
At higher temperatures of film formation, this point occurs after shorter times. After 
this point, the <n> of the medium Mw latex decreases to a minimum and then 
gradually increases again. These optical changes are consistent with the formation of 
air voids upon water loss (which would cause a decrease in index) followed by 
gradual particle coalescence (which would cause an index increase). The lower Mw 
latexes have a different behaviour, with the very low Mw latex showing no change in 
<n> once drying and film formation are complete. The <n> of the low Mw latex 
increases slightly with time and is lower than the value of ca. 1.48 obtained in the very 
low Mw film. Thus, in the low Mw film there is evidence for some void content after 
drying, but much less than in the medium Mw film. 
Figure 6.8 compares the <n> acquired from films prepared from very low and high 
Mw latexes, film-formed at 20 T above their respective MF`T values. The <n> of the 
high Mw film shows a small drop after about 4 min, indicating that a small fraction of 
air voids develops. There is an immediate increase in <n>, however, which is 
consistent with fast particle coalescence at this elevated temperature. The film 
reaches an <n> of ca. 1.47, which is close to what is measured in a fully-dense (spun- 
cast) film. In comparison, in the very low Mw film, a plateau value of ca. 1.48 
(corresponding to low or no air voids) is obtained immediately upon water 
evaporation. 
Thus, the experimental evidence in Figures 6.1 through 6.8 suggests that the 
efficiency of film formation is strongly related to the Mw of the latex as well as to the 
temperature and time of film formation. At a given value above the MFT, the lower 
Mw latexes form films with lower void content and surface roughness, in comparison 
to the higher Mw materials. At elevated temperatures (over 30 'C above NIFT), the 
higher Mw latexes form smooth, dense films immediately upon water evaporation in a 
way that is similar to the lower Mw latexes at temperatures very close to their MFIF. 
Not only does film formation occur at lower absolute temperatures in the low Mw 
latex but it is more efficient. 
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Figure 6.8: Dynamic evolution of <n> acquired from films of very low (0) and high (*) 
Mw latexes prepared at 20 T above their MFT values. I-Egh Mw shows a small drop in <n> 
and <k>, indicated by the arrow. A separate drying and coalescence front are indicated. The 
very low Mw latex shows a continuous drying front. 
6.3.3 Surfactant Morphology at the Air Interface 
The surfactant morphology and concentration at the polymer/air interface of very low 
and low Mw latex films will be reported next. Figure 6.9 shows the polymer/air 
interface of the very low Mw latex film after formation at 24 OC (5 OC above the NIFT). 
It is apparent that the individual latex particles have lost their identity because of the 
process of interdiffusion. There is no topographical evidence for particle/particle 
boundaries, but these are slightly apparent in the phase contrast image. This smooth, 
void-free surface is consistent with our previous measurements of ellipsometry that 
indicated full particle coalescence in this very low Mw latex. The phase contrast image 
reveals the existence of small island-like regions (without significant topographical 
contrast), which I suggest are composed of thin layers of surfactant and water-soluble 
species. These species are apparent at the polymer/air interface, even though the film 
was prepared at such a relatively low temperature. In stark contrast, previous study of 
the high Mw latex films has found that surfactant features appear at the surface only 
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when the film is formed at elevated temperatures or for longer times and even then 
only when the dispersion has been "aged". 
Data type Height Data type Phase 
2 range 150 nm 2 range 16.1 de 
Figure 6.9: AFM images (topography on the left and phase contrast on the right) of the 
polymer/air interface of a film prepared from the very low Mw latex dispersion. The film was 
formed at 24 OC (5 T above the MFIF). The scan was performed immediately after the film 
was optically clear. 
In a low Mw latex film, AFM analysis (shown in Figures 6.10 through 6.12) likewise 
reveals separate features apparent at the surface under all conditions of film formation. 
The morphology of these features depends on the film-forming temperature and time. 
At temperatures only slightly above MFT (6 OC above M[FT), Figure 6.10 shows that 
individual particles are evident, but they are partially covered by a thin layer of a 
second phase, which is apparent in the phase contrast image but does not have 
topographical contrast. It probably consists of surfactant and perhaps other water- 
soluble species. 
After film formation at a higher temperature (15 T above MFIF) for 10 min, the 
surface morphology is distinctly different. In Figure 6.11 A and B, there are features 
that appear clearly in the phase-contrast images but with relatively low topographical 
contrast. These features have an undulating contour that is similar to the so-called 
"finger-like" morphology observed previously at the surface of the high Mw latex cast 
from six-month old dispersions. This finger-like morphology might result from the 
break-up of the thin "blanket 19 observed at a lower temperature (Figure 6.10). Figure 
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6.11C clearly shows a second phase at the surface with a distinctive morphology. In 
some areas, there are pits or holes in the surface, perhaps resulting from voids between 
the underlying particles. These tiny pits are surrounded by a second phase with a 
colour contrast similar to that in the larger, finger-like regions. Both phases are 
interpreted as consisting of surfactant. Indeed, previous studies of this latex have 
indicated that surfactant features appear brighter in phase mode. These observations 
will be discussed further in the next section. 
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Figure 6.10: AFM images of the polymer/air interface of films prepared from a low Mw latex 
dispersion. The film was formed at 43 T (6 T above the MFT) for 15 min., which is the 
minimum time required at this temperature to achieve film clarity. (A) 10 ýtm x 10 ýtm and (B) 
6.95 ýtm x 6.95 ýtm- 
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Figure 6.11: AFM images of the polymer/air interface of a 
film prepared from a low Mw latex 
dispersion at 52T (15 OC above the MFT) 
for the mini'Lrnum film formation time of 10 min. (A) 5 
ýim x5 pm, (B) 1.5 ýtm x 1.5 pm; surfactant 
de-wettmg is shown, and (C) 2.53 wn x 2.53 pm.; 
ring-type features, Possible surfactant, are seen at 
the interparticle voids. 
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A further increase of the film formation temperature to 57 'C leads to the formation of 
separate hemispherical drops with diameters between about 300 and 500 nm (Figure 
6.12). These features might be the result of further de-wetting of the latex surface, driven 
by the minimisation of surface energy. Also in the phase contrast image of Figure 6.12, 
tiny pits are again seen to be surrounded by a second phase. 
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Figure 6.12- AFM images (topographic on the left and phase image on the right) indicating 
dome-shaped features at the polymer/air interface of a low-Mw acrylic latex film prepared at 57 T 
(20 T above the MFT) for the minimum film formation time of 8 mm. (A) 5 ýtm x5 ýtm and (B) 
2.51 Rm x 2.51 ýtm. Small holes can be seen in the topographical images at the particle interfaces. 
In the phase images, a separate species, possibly surfactant, is observed around the holes formmg a 
ring. 
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A similar pattern of morphologies - thin layers then "fingers" then domes or "blobs" - 
was reported in Chapter 4 in films prepared from the high-Mw acrylic latex films that 
were cast from six-month old dispersions. In those experiments, higher temperatures 
and/or longer film formation times were required to obtain the various morphologies. 
With this low Mw latex, the morphologies develop immediately upon water 
evaporation, at lower temperatures relative to the NIFT. For high Mw latex films, it was 
determined that the changes in surfactant morphology are caused by de-wetting and 
minimisation of surface energy. There was no evidence for exudation of surfactant 
over time but only a re-arrangement of surfactant already at the surface. Drawing back 
to the results presented in Chapter 5, high Mw latex films exhibit surfactant features 
only when the dispersion is aged, whereas low Mw latexes show surfactant features at 
the air surface even when the dispersion is fresh. 
6.4 Further Discussion 
The work presented in this Chapter has two primary results, which will be considered 
now in greater depth. First, the film formation of lower Mw latexes results in films 
with lower void content and smoother surfaces compared to higher Mw latexes film- 
formed at an equivalent temperature above MFIF. Second, surface features believed to 
be surfactant are found at lower temperatures (relative to the MFT) in the low Mw 
latex than in the high Mw latex. 
First, the molecular weight effects on film formation will be considered, starting with a 
brief summary of results. The dynamic ellipsometry scans provide insight into the 
origins of these observed differences. Figure 6.4 shows that in a very low Mw latex the 
index rises continuously during water evaporation regardless of the film forming 
temperature. This behaviour is consistent with the concept of particle coalescence 
occurring simultaneously with the evaporation of water. There is a single drying and 
coalescence front during film formation at the higher temperatures. Similarly the low 
Mw latex, shows a single and ever-increasing drying front, when film formed at 10 
0 
and 20 T above the MFT. Only at a relatively low temperature (5 T above the MFf) 
is there evidence for voids remaining after a drying front has receded. This is indicated 
by the fact that the drying front is followed by a coalescence front (Figure 6.5). 
135 
Chapter 6: Molecular Weight Effects on Latex Film Formation & Surfactant Morphology 
In comparison, the medium Mw latex film shows evidence for void formation after 
drying even at 10 'C above MFT (Figure 6.6). Only when it is film-formed at 
temperatures greater than 20 T above MFIF is there evidence for a single film 
formation front in which drying and complete particle deformation occur 
simultaneously. At lower temperatures the presence of voids causes a coalescence front 
to follow the drying front. The high Mw latex films require film formation at 30 OC 
above MFr to achieve this same behaviour. 
As Figure 6.8 illustrates, at 20 'C above NIFT, the very low Mw latex has little if any 
void formation upon water evaporation, leading to a smooth increase in <n> during 
film formation. The high Mw shows a distinctly different behaviour. There is a rise in 
<n> during drying, but with passing of the drying front, the <n> decreases as an 
apparent result of void formation. There follows a gradual increase in <n> with 
subsequent particle coalescence. The differences observed in the final films correlated 
with the Mw clearly have their origins in these differing characteristics of film 
formation. 
Now I seek to explain these observations of film formation that presumably reflect 
differences in the mechanical properties of the polymer with varying Mw. 
Examination of the values in Table Oreveals that in all cases MFIF occurs at 
temperatures below the T,,, of the dry polymer. Deformation and coalescence of the t> 
polymer particles below their Tg, when they would otherwise be glassy, requires 
plasticisation. The differences between the Tg and MFI' values, listed in Table 6.4, 
reveals an increase with decreasing molecular weight. The very low Mw latex 
apparently undergoes the greatest amount of plasticisation. There are several examples (6c ters (ev e4ct t., 
in the literature in which water is attributed to acting as a volatile plasticizeýA. In an 
acrylic latex made hydrophilic by the introduction of methacrylic acid, such as used 
here, water plasticisation is expected. 
As a means of studying this possible effect of water further, TGA curves of the low and 
high Mw latexes were compared. Figure 6.13 shows that over temperatures ranging 
from room temperature to over 150 OC, the low Mw film loses a greater amount of 
water than does the high Mw latex. This difference can be explained by more weakly- 
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bound water in the low Mw films, which is also suggested by the greater amount of 
observed plasticisation. 
The presence of water has been shown elsewhere to alter latex mechanical properties, 
as studied with dynamic mechanical thermal analysis (Arora et al., 1995). Of particular 
relevance here is work by Eckersley et al. (1993,1994) on a latex copolymer of 
BMA/MMA/MAA in which the presence of water caused a significant decrease in the 
modulus of latex. Accordingly, the variation of water content with varying latex 
molecular weight should influence the film formation of the latex studied here. By 
comparing film formation at comparable temperatures in relation to MFIF, however, 
one could naively argue that the effects of water plasticisation should thereby be taken 
into account. However, the water loss rate of the latex will be increased at higher 
temperatures. Thus, by virtue of the fact that the high Mw latex is film-formed at 
elevated temperatures, water loss will be faster and perhaps more complete in the high 
Mw latex. 
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Figure 6.13: Mass loss, according to TGA, from heating films prepared from 
high (0) and 
low (X) Mw latex dispersions. 
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The effects of plasticisation might therefore be dominant in the lower Mw latexes 
(film-formed at lower absolute temperatures) for a significantly longer time. Further 
complicating the issue is the possibility that high coalescence at the film surface could 
trap water within the film. Thus, more extensive particle coalescence in the low Mw 
latex might inhibit water evaporation, which would then prolong the effects of water 
plasticisation. 
Additionally, DMTA analysis was performed on the low and high Mw latex. As can be 
seen in Figure 6.14, the tensile modulus of the high Mw latex appears to be much 
higher than that of low, indicating that the low Mw latex is a mechanically weaker 
film. Although, this might be expected because of the fact that low Mw latex is 
characterised by lower Tg, part of the difference is probably caused because of water 
plasticisation effects. 
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Figure 6.14: Tensile modulus as a function of temperature, according to DMTA of films 
prepared from high (0) and low (X) Mw latex. 
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Surface morphologies considered next. In Figure 6.11C, neck formation 
between 
low Mw particles is already apparent in some areas, which would cause smoothening 
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of the surface. Our AFM analysis of low Mw latex provides evidence for surfactant at 
the latex/air surface for all temperatures of film formation. This result is in contrast to 
the results presented in Chapter 4, for the high Mw latex in which extended film 
formation times and/or higher temperatures were required to create similar surfactant 
structures. What is the cause of these differences? The surfactant behaviour might be 
directly influenced by the relative deformability of the latex particles. That is, the more 
efficient film formation of the low Mw latex might encourage the transport of 
surfactant to the air surface. Support for this idea comes from recent work by Du 
Chesne et al, (1997). They investigated the behaviour of surfactant in a poly (vinyl 
acetate) latex and in a latex based on a copolymer of methyl methacrylate and butyl 
acrylate. When either type of latex is film-formed at temperatures greater than NUT 
then the emulsifier formed separate domains both at the surface and in the bulk. On the 
other hand, when the samples were annealed at temperatures below MFT, the 
surfactant was presumably retained at the surface of the latex particles as a thin 
"possibly monomolecular layer. " (Du Chesne et al., 1997). The authors conclude that 
particle deformation, which only occurs above NIFT, contributes to the process of 
expelling of surfactant from the latex surfaces and into the serum. During further film 
formation and particle packing, some of this surfactant in the serum is deposited at the 
air surface. 
Finally, I comment on the interesting ring-like features observed in Figures 6.1 IC and 
6.12. Larger regions exist of a second phase, presumably surfactant. Tiny rings of this 
surfactant phase are also present around pits or holes that are associated with 
interparticle voids. What is the origin of these features? A study of the phase 
equilibria of a surfactant similar to the one used here, sodium dodecyl benzene 
sulfonate, offers some insight (Sein et al., 1995). Depending on the surfactant and salts 
concentrations, a rich variety of phases are found, most notably large vesicles. In 
particular, vesicles are favoured at higher concentrations. As the water evaporates in 
the latex studied here, higher concentrations of both surfactant and salt are obtained. 
Drawing upon knowledge of the Na-analogue, one might expect vesicles to develop 
during the later stages of film formation. The large features found in Figure 6.1 IC 
might be such collapsed vesicles. 
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C, 
The tiny rings observed in our work are quite similar in appearance to features 
observed by Du Chesne et al., (1997) which they attributed to surfactant micelles at 
particle interstices. In our case, formation of these rings is even more noticeable and 
numerous, although their size is on the order of 100 nm in comparison to the 30 nm 
features observed by Du Chesne et al. (1997). Building on the ideas proposed by 
Chevalier et al. (1992), it was proposed that these structures are inverted surfactant 
micelles, containing small amounts of bound water, and which are formed after 
desorption from the particle surfaces (Du Chesne et al., 1997). Although our analytical 
techniques cannot confirm the composition of the ring-like features, their appearance is 
consistent with this notion of trapped rtýiicelles. Moreover, the latex studied here and 
the one used by Du Chesne et al. (1997) are both acrylic polymers containing 
methacrylic acid, which produces a hydrophilic particle surface, and so similar 
behaviour might be expected. 
Notably, surfactant rings were not found at the surface of high Mw latex films. 
Because the high Mw latex is film-formed at higher temperatures leading to faster 
water loss rates, there is less time available for surfactant desorption and re- 
organisation into micelles. As the low Mw latex is film-formed at lower temperatures, 
there is more time available for these processes. 
6.5 Concluding Summary 
The main conclusion from these experiments is that lower Mw latex not only forms 
films at lower temperatures compared to higher Mw latex, but that film formation is 
more efficient. At comparable temperatures and times, low Mw latex films are denser 
(lower voids volume concentration) and smoother (smaller surface roughness). Ffigher 
temperature and/or longer film-forming times are required for the high Mw latex to 
close up all the voids in the bulk of the film and to minimise the surface roughness. 
This result reflects the complex interplay between Mw, polymer viscoelasticity and 
temperature. Additionally, since the low Mw latex is film-formed at lower 
temperatures, it will lose water at a slower rate, and so it might be more prone to water 
plasticisation in comparison to the high Mw latex. 
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These results indicate the attractiveness of low Mw latex, but a consequence is also 
reported. In low Mw films, surfactant is found at higher concentrations at the air 
surface, under all conditions of film formation. It was shown that surfactant tends to 
de-wet the surface of the polymer particles with increasing temperature and/or time. 
Similar surfactant concentrations and morphologies are observed in high Mw latex 
films only when the dispersion is aged (via evaporation of water) prior to casting. 
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Chapter 7 
Film Formation of Latex Blends 
with Bimodal Particle Size 
Distribution 
7.1 Introduction 
Latex dispersions having a well -controlled, bimodal particle size distribution are 
gaining attention because they potentially enable control of the rheology of the 
dispersions, the film formation characteristics, and the final film properties. In this 
chapter, the film formation of dispersions with a bimodal particle size distribution 
(large: small size ratio of ca. 6: 1) and with varying concentrations of the two particle 
sizes is discussed. The film formation of blends containing only deformable (i. e. 
44soft") particles with blends containing both soft and non-deformable (i. e. "hard") 
particles are also compared. Ellipsometry is used as a non-invasive tool for studying 
film morphology as film formation proceeds. The ellipsometry data are interpreted 
using a physical model of the morphology based on atomic force microscopy 
observations. Electron microscopy of film cross-sections provided information 
concerning the morphology of the bulk. 
Transmission measurements are also performed on latex after film formation to 
complement the ellipsometry measurements. Rayleigh theory (discussed in Paragraph 
3.3.2.1) was employed to explain the experimental data. The results are found to be in 
agreement with the predictions of the continuity theory, which was explained in 
detail 
in Section 2.6. 
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Dynamic ellipsometric analysis during film formation process is also performed for all 
the blends investigated. The aim was to identify the differences in the water drying 
and particle coalescence characteristics. This is a qualitative method of probing bulk 
void volume concentration, particle-particle interfaces, surface roughness and their 
dynamic evolution with time because of ageing. The principles of dynamic 
5ec-ýOyl 
ellipsometric measurements were explained in detail in 3.2.5. 
7.2 Experimental Materials and Procedure 
7.2.1 Latex Dispersions 
The latex dispersions used here were prepared by semi-batch emulsion polymerisation 
using sodium dodecyl sulphate (SDS) to achieve stability and ammonium persulphate 
as the initiating salt. The latex composition is based on a copolymer of butyl 
methacrylate (BMA), methyl methacrylate (MMA) and methyl acrylic acid (MAA). 
The recipe for the preparation of the monomodal small and large particle latexes is 
r, -60 
given in Table 7.1. To obtain a different Tg the BA/MMA? wtas varied (Peters et 
al., 1996). Table 7.2 provides some characteristics of the four parent latex dispersions 
used in making the latex blends. 
Two parameters of particular relevance to this study are the particle size and the glass 
transition temperature. The polymers with a glass transition temperature (Tg) of 20 'C 
are referred to here as "soff as a means of achieving conciseness with clarity. The 
high Tg particles are referred as "hard". The refractive indices of the acrylic polymers 
(also listed in the table) were determined from ellipsometry measurements of thin 
films (> 100 nm thick) prepared by spin-casting polymer solutions in toluene onto 
silicon substrates. 
Bimodal blends were prepared by mixing different fractions (by weight) of the 
large 
and small particle size dispersions. Specifically, three series of blends were prepared: 
Series 1: Large-Soft and Small-Soft (LgSf /SmSf) 
Series 2: Large-Soft and Small-Hard (LgSf/SmEd) 
Series 3: Large-Hard and Small-Soft (LgHd/SmSf). 
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will refer to the particle types using the abbreviations shown in Table 7.2 and in 
parentheses above. The blends were stirred continuously for at least 15 hr. to ensure a 
uni 'form dispersion. Table 7.3 lists the concentrations of large particles In the blends 
according to both weight fraction and number ratio. 
Table 7.1: Latex Polymerisation Recipe (Peters et al., 1996) 
Reaction Charge (9y) r) 
Demineralised Water 821.34 410.26 
Sodium Dodecyl Sulphate rq 9.66 
Ammonium Persulphate 0.36 0.49 
Monomer feed 
Demineralised water 335.77 445.26 
Sodium Dodecyl Sulpha te 0.66 12.92 
Ammonium persulfate 3.51 4.89 
Sodium Bicarbonate 1.97 2.73 
Butylacrylate/methylmethacrylate 
(ýI) 
750.01 1044.50 
Methacrylic acid 
,Z 
23.20 32.30 
Post Reaction 
I -ascorbic acid so 1.01 1.40 
Tert-butylhydroperoxide 1.01 1.40 
Demineralised water (1, 42.50 43.90 
2000.00 2000-00 
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Table 7.2: Latex Characteristics of Dispersions Having Monomodal Particle Size 
Distributions 
Small and Soft 
(Sm/Sf) 
5C 1.18 40.5 20 1.4886 
Large and Soft 
(Lg/Sf) 
297 1.26 52.0 20 1.4886 
Small and hard 
(Sm/Hd) 
50 1.15 50.5 80 1.4970 
Large and hard 
(Lg/Hd) 
286 1.16 41.0 80 1.4970 
11 
Particle sizes were measured at Zeneca Resins by photon correlation spectroscopy 
(Otsuka ELSSOO) 
Table 7.3: Number Ratio of Small-to-Large Particles for Various Blends 
100 0 
99 2 
92 19 
83.5 43 
56 150 
24 681 
12 1533 
0 oc 
7.2.2 Film Formation and Characterisation 
Samples used for analysis by ellipsometry, AFM and SEM were prepared 
by casting 
the dispersions onto glossy black card substrates under identical conditions. 
The card 
was attached to a ngid substrate to prevent bending. Typically 0.5 ml of 
dispersion 
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was spread over a substrate area of 6 cm x6 cm using a casting bar. Film fon-nation 
took place in still air under the ambient conditions of the laboratory. Temperature and 
relative humidity were measured during each experiment. The final latex film 
thickness achieved by this method was approximately 80 [tm. 
7.2.2.1 Atomic force microscopy & scanning electron microscopy 
At least three different regions of each surface were imaged to verify reproducibility 
and to ensure that a truly representative image was obtained. The results were also 
reproduced for up to three different samples prepared separately. 
In some cases, images of film cross-sections were obtained with scanning electron 
microscopy (SEM) to complement images of the film surface obtained with AFM. 
SEM analysis was performed four days after the film preparation. The films were 
immersed in liquid nitrogen after peeling from the substrate. They were then fractured 
in a direction normal to the surface while still at a low temperature. The fractured 
surfaces were sputter-coated with a thin film of gold to make the surface conducting. 
The cross-sections were analysed at room temperature in the electron microscope. A 
low accelerating voltage of 15 kV and a low beam current of =70 ýtA were used to 
minimise the amount of damage during the experiment. 
7.2.2.2 Ellipsometry 
Two types of ellipsometry analysis were performed: variable-angle scans and dynamic 
scans. In a variable-angle scan, which takes approximately 2 min to perform, W and 
A were determined as a function of the angle of incidence, 0j, using a wavelength, X, 
in the visible range (500,600 nm), from a film one hour after casting on the substrate. 
Variable-angle scans provide sufficient data to determine with certainty the void 
concentration and surface roughness of a latex film as will be explained later. The 
experimental data are shown below (Paragraph 7.3.2). 
In a dynamic scan, T and A were determined at a fixed wavelength and angle-of- 
incidence, 0j, at time intervals of 15.6 cý . 
during the course of latex film formation, 
starting with a wet dispersion and finishing with a polymer film. The 
dynamic scans 
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were initiated with a time delay of approximately 5 min. after the deposition of the 
dispersion onto the substrate. Typically scans were obtained with light in the visible 
region (500,600 or 700 nm) at an angle-of-incidence of 56', corresponding to the 
Brewster angle of a dry film where greatest sensitivity is obtained. 
All the variable-angle and dynamic scans were performed either at room temperature 
(22 to 25 'Q or on a temperature-controlled stage at a temperature of 24 T, in cases 
where the room temperature was lower than 22 'C. The relative humidity of the room 
was 45 - 55 %. 
7.2.2.3 Spectrophotometry 
The optical transmission of films prepared from various blends over the wavelength 
range from 500 to 800 nrn was measured. Samples prepared for spectrophotometry 
were cast on clean glass slides at room temperature (22-25 'Q using a consistent 
casting method in order to achieve similar final thicknesses (= 80 gm). The samples 
were then left to dry and film-form in air for an hour at relative humidity of ca. 45 % 
before analysis at room temperature. 
7.3 Results and Discussion 
7.3.1 Microscopy 
AFM reveals the surface morphology and particle packing of films prepared from the 
various blends of large and small particles. Figure 7.1 shows an AFM scan of the 
polymer-air interface of a latex film cast from a monomodal dispersion of LgSf 
particles. As can be seen, particles at the polymer/air interface tend to cluster together 
to form close-packed domains. These domains are separated from each other by 
disruptions in the packing in which particles appear to be missing. This type of 
structure gives rise to relatively high average surface roughness. Additionally, at 
points of contact between particles, there is deformation from a spherical shape. Even 
SO, Particles retain their identity (at least at the film surface), and there is no particle 
coalescence. Interparticle voids are readily seen, even though visually the bulk film is 
continuous and glossy. 
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El 
PM 
NanoScope Tapping AFM 
Scan size 5.000 um Setpoint 0.7000 V 
Scan rate 0.4042 Hz 
Number of samples 512 
200.0 nm 
100.0 nm 
0.0 nm 
(B) 
NanoScope Tapping AFM 
Scan size 2.510 pm 
Setpoint 0.7000 U 
Scan rate 0.4042 Hz 
Number of samples 512 
Figure 7.1: AFM topographical images of the polymer-air interface of a film prepared from 
LgSf latex particles, showing a large (A) area (5 ýtm x5 ýtm) and small (B) area (2.5 ýtm x 2.5 
ýtm). In (A), regions of more densely-packed particles can be seen, such as indicated by the 
white lines. In (B), interparticle voids can be seen as well as larger voids where there are 
defects in particle packing. 
148 
0 2.50 
1.00 2.00 
Chapter 7: Film Formation of Latex Blends with Bimodal Particle Size Distribution 
The bulk morphology of the same type of film was determined by SEM analysis of the 
film cross-section (Figure 7.2). Although the film was four days old when analysed, 
one can clearly see elongated void regions having a length that is of the same order of 
magnitude as the particle size (300 nm) throughout the bulk of the film. The size of 
the voids suggests that they result from defects in the particle packing. Particle 
identity, however, is lost because of particle coalescence, in contrast to what was seen 
in freshly-cast films using AFM. 
a 
Figure 7.2: SEM image of the cross-section of a film prepared from monomodal LgSf 
particles. Voids have sizes and shapes that are consistent with particle coalescence in an 
hexagonal array of 300 nm particles, as illustrated schematically. The bar indicates I ýtm. 
5e-C-AAon 
The requirement of phase continuity, as already described in Chapter 2 
2.6), predicts that the critical volume concentration of the small particles to achieve a 
continuous network (for the size ratio of 6: 1) is ca. 18 wt. % (Section 2.5). (As the 
density of the large and small particles are virtually the same, concentrations 
by 
weight and volume are equivalent. ) AFM analysis of a blend near the 
Vc (83.5 wt. % 
LgSf and 16.5 wt. % SmSf), shown in Figure 7.3, reveals that at the 
film surface, the 
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large particles are completely surrounded by small ones. The latter form a continuous 
network, which prevents contact between the large particles. 
Data type Height Data type Phase 
2 range 200 nm 2 range 45.9 de 
Figure 7.3: AFM images of the polymer-air interface of a film prepared from a blend of 
83.5-wt. % LgSf and 16.5 wt. % SmSf particles. The area of the scan is (A) 5x5 ýLM2 and (B) 
2 1.15 ýtm x 1.15 ýtrn - 
The small particles form a continuous network around the large. 
Quantitative AFM analysis performed on numerous images indicates that the average 
cen*----. to-cenfe distance between the large particles is 401 ± 24 nm. 
Thus, the large 
particles are not in contact with each other below the surface, 
but are separated by a 
distance of about 100 nm, which is equivalent to the 
distance of two small particle 
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diameters. This particle arrangement is consistent with the expectations of models of 
phase continuity. 
To gain further insight into bulk morphology, a cross-section of this blend film was 
analysed by SEM. Several images were acquired across the bulk of the film (from the 
polymer/air to the polymer/substrate interface), and no significant variation was 
observed. In the representative image shown in Figure 7.4, the morphology in the 
bulk appears to be very similar to the surface. The large particles are well-separated in 
a continuous network formed by the small particles. Contact between the large 
particles is seen only on rare occasions. The large particles retain their spherical shape 
in the bulk as they do at the surface. 
Figure 7A SEM image of the cross-section of a blend film having the same composition as 
in Figure 4 (83.5-wt. % LgSf and 16.5 wt. % SmSf). The bar represents I ýLrn- 
The large 
particles are not in an ordered array as at the air surface, but they are nevertheless surrounded 
by a continuous matrix. The "dimples" are thought to be caused 
by the pull-out of large 
particles during the fracture process. 
Surprisingly, the surface structure of a film prepared from a 
blend of 90 wt. % LgSf 
and 10 wt. % SmSf (Figure 7.5) appears similar to that of 
the monomodal LgSf 
(Figure 7.1). The surface is dominated by large particles, and there 
is no evidence for 
small particles at the polymer/air interface. 
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Data type Height Data type Phase 
2 range 82.4 nm 2 range 36.7 de 
Figure 7.5: AFM images of the polymer/air surface, prepared from a 90-wt. % LgSf latex 
dispersion. No small particles are apparent at the surface. (A) 5 ýtm x5 ýtm and 
(B) 1.5 ýtm x 
1.5 ýtm. 
In Figure 7.6, an AFM image of the polymer-air interface of a 
film prepared from a 
blend of 34 wt. % LgHd and 66 wt. % SmSf is shown. 
As can be seen the LgHd 
particles are clustered together, while the clusters are surrounded 
by a continuous 
matrix of SmSf particles. Other workers (Keddie et al., 
1996 and Patel et al., 1996) 
have also observed clustering of LgHd particles as will 
be discussed below. 
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Data type Height Data type Phase 
2 range 300 nm 2 range 40.1 de 
Figure 7.6: AFM images of the polymer/air interface of a film prepared from 34 wt. % LgHd 
and 66 wt. % SmSf. The image area is 5 ýtm x5 ýtm. Clustering of LgHd particles is apparent. 
In comparison to the blends where both large and small particles are soft, Figure 7.7 A 
shows an AFM image of the polymer/air interface of a film prepared from a blend of 
55 wt. % LgHd and 45 wt. % SmSf particles. The LgHd particles tend to cluster 
together as seen previously in Figure 7.6. In some cases, the SmSf particles appear to 
cover the LgHd particle clusters and bury them below the surface. Because of LgHd 
particle clustering the film surface is significantly rougher compared to the other 
blends shown. In some regions, the hard particles create crevices or nano-size cracks 
at the surface, as if a precursor to the non-film formation found at higher 
concentrations of hard particles. For comparison, Figure 7.7 B shows the surface of a 
LgSf/SmSf containing approximately the same concentration of large particles. This 
surface is smoother. The large particles appear for the most part in isolation rather 
than in clusters. The reduction of the optical transparency of the hard/soft blend in 
comparison to the soft/soft blend will be discussed later. 
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Data type Height Data type Phase 
2 range 700 nm 2 range 109 de 
Figure 7.7: AFM images of the polymer/air interface of a film prepared from (A) a 55-wt. % 
LgHd and 45-wt. % SmSf blend and (B) a 56-wt. % LgSf and 44-wt. % SmSf blend. The 
image area in both scans are 5 ýtm x5 ýtm. Clustering of LgHd particles Is apparent. 
In summary of the microscopy analysis, the 
disordered packing of only partly- 
deformed LgSf particles leads to both high surface roughness and relatively high 
interparticle void volume concentration. The addition of 
16.5 wt. % small particles 
leads to improved particle packing, which is responsible 
for the reduction of the void 
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volume concentration in the bulk. In blends containing large, hard particles, 
significant void content develops within clusters of the hard particles. 
7.3.2 Ellipsometry after Film formation: Void Content and 
Surface Roughness 
Analysis of ellipsometry data requires fitting to a proper theoretical model, as 
discussed in Chapter 3. Observations of film morphology, reported in Section 7.3.1, 
can be used to construct such a model. First, I note that the film surfaces are not 
smooth but have a surface roughness that results from the contours of the individual 
particles. Secondly, I note that the bulk of the film contains interparticle voids. Thus, 
it can be concluded that according to the microscopic analysis performed on bimodal 
particle size films, the previously discussed model for ellipsometric analysis (Figure 
3.2, and Paragraph 3.2.4), that consists of a rough layer on top of a bulk layer 
containing voids, is applicable. 
Equation 3.14 (Chapter 3) is employed by the above mentioned model to calculate the 
void volume concentration. The values of effective thickness, which represents 
surface roughness, measured by ellipsometry are higher than the RMS roughness 
measured by AFM. Roughness, measured by other workers, with ellipsometry for 
patterned silicon surfaces previously, was found to equal 1.5 times the root-mean- 
squared values obtained with AFM (Koh et al., 1996). In our experiments, the 
correlation is in the range of 1.5 to 2.0 and shows some variation. The variations are 
believed to result mainly from the different scan sizes analysed by the two techniques. 
Ellipsometry analyses a much larger area, which depends on the light beam size and 
the angle of incidence and is typically 2 mm x5 mm. AFM scans in this work were 
over a maximum area of 10 ýtm x 10 [tm. The tip quality also affects the 
AFM 
roughness measurements (Fang et al., 1996 and Brigham et al., 1994). 
Figure 7.8 shows data obtained in an angular scan of a blend 
film of soft Particles 
(83.5 wt. % LgSf and 16.5 wt. % SmSf) obtained 50 min. after 
film casting. The best 
fit to the data, shown with a solid line, corresponds to a surface roughness of 
251 ±10 
nm and a void content of 6.8 ±0.5 vol. %. If a data simulation is performed, 
using a 
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value of 0 for the void fraction, then, as also seen in Figure 7.8, the theoretical 
prediction is based on a high refractive index for the film, and the fit is shifted to the 
right (i. e. to higher angles -of-inci dence). If, on the other hand, the surface roughness 
value in the simulation is changed to 50 nm, then the simulated data has a sharper step 
in A and a lower minimum in 'P. Thus, it is apparent as also discussed in Chapter 3 
(Section 3.2.4), that the analysis is robust because the two fitting parameters (surface 
roughness and void concentration) are not strongly correlated. They each can be 
independently determined with certainty via the fitting procedure. 
The soft and hard particles have slightly different compositions and therefore have 
slightly different refractive indices, as shown in Table 7.2. Note that in the mixtures 
in which the large and small particles have the same composition, the refractive index 
values of a fully-dense film are the same regardless of the relative concentrations. In 
this case, ellipsometry is therefore insensitive to the number ratio of large and small 
particles per se, although it is highly sensitive to any variation in void content or 
surface morphology induced by changing this ratio. On the other hand, when 
analysing blends of hard and soft particles, the refractive index of the fully-dense film 
can be calculated using an EMA model to be intermediate between the two polymers. 
This fact is taken into account in the analysis of blend films. 
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Figure 7.8: The ellipsometry parameters, T (top) and A (bottom), obtained from an angular 
scan acquired from a blend film of 83.5 wt. % LgSf and 16.5 wt. % SmSf particles using a 
wavelength of 500 nm. The data were acquired 50 min. after casting. The predictions of a 
model based on a surface roughness of 251 nm and void volume fraction of 6.8 vol. % are 
shown by the solid line (-). There is good agreement with the experimental data points 
(0). The simulations for a film with 0% void fraction but a roughness of 251 nm differ 
markedly from the best fit (--). Likewise, the simulations for a film with 50 nm 
roughness( .......... ) deviate from the best fit but in a distinctly different way. 
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Figure 7.9 shows the results of ellipsometry analysis of bimodal blends of large and 
small particles, containing varying fractions of large particles. All measurements were 
made one hour after latex casting. Surface roughness and void concentration, 
obtained by fitting data to the previously mentioned model are plotted for each Series. 
When large and small soft particles (T,, =20 'C) are blended (Series 1), then both 
roughness and void concentration are weakly-dependent on the amount of large 
particles up to a concentration of 83.5 wt. % large latex. Above this concentration, 
there is a marked increase in the measured values of both parameters with increasing 
concentration of large particles. At least 16.5 wt. % small particles are required to 
obtain a minimisation of the void volume concentration. At lower concentrations of 
small particles, there are insufficient numbers to form a continuous phase around the 
large particles, and so voids develop. At higher concentrations of small particles, 
roughness and voids do not change significantly, which is consistent with large 
particles being isolated in a continuous medium of small particles. The data are thus 
consistent with the ideas of phase continuity introduced earlier. 
The surface roughness of films was independently measured using AFM analysis. 
There is a general correlation between the two sets of values. AFM analysis, however, 
is much more time-consuming, and the film is subject to ageing effects during the 
course of a measurement. Ellipsometry measurements, in contrast, can be performed 
within a few minutes. 
The LgSf particles do not deform fully upon film formation, as observed previously 
with AFM (Figure 7.1). Ellipsometry finds there is a surprisingly high fraction of 
voids in monomodal LgSf films (28 vol. %). In a random-close packing of 
monomodal hard spheres, the void fraction is expected to be in the region of 37 vol. 
% 
(Russel et al., 1989). In a more ordered packing, voids are introduced when particles 
are missing from the array (i. e. vacancies). In light of these two 
facts, the 
experimental value is not implausible when there are partially-ordered, partially- 
deformed particles composing the film. 
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Figure 7.9: Dependence of the surface roughness and void volume concentration on weight 
percentage of large particles in bimodal blend films, as determined by ellipsometry. The 
solid lines are a guide to the eye. The symbols designate films from Series I (LgSf and 
SmSf) (A); Series 2 (LgSf and SmHd) (0); and Series 3 (LgHd and SmSf) (x). 
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The results for blends of LgSf and SmHd particles (Series 2), also shown in Figure 7.9 
are considered next. As with the blends of soft particles already discussed, both the 
void fraction and surface roughness decrease as the concentration of small particles 
increases from zero until reaching a minimum value at a concentration of 16.5 wt. % 
SmHd (i. e. 83.5 wt. % LgSf). At lower concentrations of large particles, there is a 
greater proportion of non-filming particles, and this is reflected in a higher void 
content and a slightly higher surface roughness. Below - 55 wt. % LgSf particles, the 
continuous phase of SmHd particles will not allow film formation. A comparison of 
Series 1 and 2 provides further insight. Near Vc (corresponding to 83.5 wt. % large 
particles) for both Series, optimum packing is indicated by the low values of void 
content. When the small particles are film-forming (Series 1), increasing the number 
of small particles above Vc has little effect. But when the small particles are non-film- 
forming (Series 2), the addition of small particles - beyond the number required to 
create a continuous phase in the void space between large particles - leads to a higher 
void fraction. 
Finally, Series 3 (a blend of LgHd and SmSf particles) is considered. Previously, 
Eckersley and Helmer (1997) have pointed out that this type of blend is a poor film- 
fon-ner, and our results are consistent with that finding. Figure 7.9 shows an increase 
of both roughness and voids upon the addition of LgHd particles. Above 55 wt. % 
LgHd particles, film formation does not occur. In principle, one might expect film 
formation to be possible as long as there are sufficient numbers of SmSf particles to 
serve as a 66glue" to hold the LgHd particles together. Film formation with up to about 
80 wt. % large particles would then be possible with this size ratio. However, our 
AFM analysis (Figure 7.6 and 7.7) showed that clustering between LgHd particles was 
unavoidable. Other work (Keddie et al., 1996)) has shown that clusters of hard 
particles create interparticle voids that are filled extremely slowly (i. e. over days) by a 
soft polymer matrix. Increasing the concentration of LgHd particles thereby increases 
the void concentration as determined by ellipsometry. The LgHd particles. also 
apparent in AFM images at the polymer/air interface, are expected to cause an 
increase in surface roughness. The roughness data from ellipsometry 
(Figure 7.9 B) 
suggest that significant numbers of large particles do not appear at the surface 
below a 
concentration of ca. 30 wt. % LgHd. 
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7.3.3 Optical Transmission 
Ellipsometry analysis is sensitive to the nano-void volume concentration of a film via 
its refractive index. Optical transmission measurements, in contrast, are a way of 
probing the number and size of air voids in a polymer film (Meeten et al., 1986). Here 
the transmission measurements were used to construct a phase diagram that relates 
void content to the fraction of large particles, just as elsewhere (Winnik et al., 1996 
and Feng et al., 1995) transmission measurements have been used to construct phase 
diagrams for blend films. In Chapter 3 the transmission was plotted as a function of 
the void size (Figure 3.6) according to the Rayleigh scattering theory (Equation 3.35), 
assuming a constant volume fraction of voids with increasing radius. As can be seen, 
transmission decreases with increasing void radius for all the void fractions plotted. 
This figure also demonstrates that for a void radius of 30 nm, the film can be nearly 
transparent, nearly opaque, or partially transparent, depending on the void volume 
fraction (and hence the number of voids per unit volume). 
In Figure 7.10 the transmission of films prepared from blends from Series 1,2 and 3 
are plotted. All the films produced from blends of soft particles (Series 1) are 
optically transparent. At the highest concentrations of large particles (above 80 wt% 
large), there is a slight drop in the transmission. Drawing upon the ellipsometry 
results, it can be concluded that although the void concentration is high, high 
transparency is achieved from the void size being small. On the other hand, films 
prepared from Series 2 (LgSf and SmHd) have high transmission only at higher 
concentrations of large particles. As the SmHd phase is increased, the transmission 
decreases rather sharply, which is consistent with more and/or larger voids being 
present. Ellipsometry indicates an increasing void fraction with an increase of the 
SmHd phase. The two measurements are thus consistent with each other. 
Samples from blends of Series 3 (LgHd and SmSf) have high transmission for lower 
concentrations of the LgHd particles, which correlates with the low void fractions 
measured with ellipsometry. As more LgHd particles are added to the dispersion, the 
transmission of the film is reduced. The void fractions measured with ellipsometry 
for this Series, however, are relatively low. I suggest that the voids probably result 
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from clusters of LgHd particles and are relatively large in size. They therefore scatter 
light significantly, so that the optical transmission is reduced. But the overall fraction 
of voids in the film is low because the relatively small number fraction of LgHd 
particles are surrounded by a continuous, void-free phase of SmSf particles. This 
interpretation of the optical data was formulated from microscopic (AFM and SEM) 
observations of film morphology shown in Paragraph 7.3.1. 
100 
70 
60 
0 
. mg 
rA 
rA 50 
40 
;. m 
F-4 30 
20 
10 
0 
90 
80 
0 20 40 60 80 100 
Wt% large 
Figure 7.10: Optical transmission of bimodal blend films from Series I (A), 2 (0), and 3 (x) 
as a function of the concentration (weight percent) of large particles. The symbols are the 
same as used in Figure 7.9. 
7.3.4 Dynamic Ellipsometry Analysis 
Until this point, analysis of films after their formation was described. Dynamic 
ellipsometry scans were also used to probe the morphological changes during 
film 
formation for blends in each of the Series. Figure 7.11 shows the raw ellipsometry 
data from a typical dynamic scan obtained during the film formation of a sample 
prepared from a monomodal LgSf latex dispersion. The two ellipsometric parameters, 
T and A, are plotted as a function of time (where time zero corresponds to casting 
the 
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wet latex on the substrate). Both IF and A change substantially within approximately 
the first 30 min. and then evolve at a much slower rate. The region over which the 
parameters change most abruptly corresponds to the onset of optical clarity, which is 
usually interpreted as marking the point of film formation. At earlier times, water is 
the continuous phase in the latex. At later times, there is a continuous polymer layer. 
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Figure 7.11: A typical dynamic ellipsometry scan of a film prepared from a latex dispersion 
of soft particles with a diameter of 300 nm (LgSf). The ellipsometry parameters, 'Y (X) and A 
(11), are plotted versus time after latex casting and while film formation proceeds. Data were 
obtained using a wavelength of 500 nm and Oi of 56 0. 
The raw ellipsornetry data shown in Figure 7.11 can be inverted to obtain the complex 
pseudo-refractive index, <N>, as a function of time, as shown in Figure 7.12. Note 
that <N> = <n> + 1<k>,, where <n> is the real component of the pseudo-refractive 
I in the index and <k> is the pseudo-extinction coefficient (see Equation 3.12). 
Since 
case of latex films, the index is expected to vary in the direction normal to the surface, 
e ective value that is a function of void the pseudo index can be considered to be an ff 
content, composition and surface roughness. 
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The real component of the pseudo-refractive index, <n>, will increase with increasing 
film density and with decreasing void size, both resulting from particle coalescence. A 
large imaginary component, <k>, usually indicates a rough surface (Urban III et. al., 
1994) and will therefore decrease as the film becomes smoother. The value of <k> in 
a dense, optically-clear film with a smooth surface is 0. Thus the pseudo-refractivc 
index of a latex provides qualitative information on the evolution of surface roughness Cý 
and air voids as influenced by particle deformation during the process of film 
formation. 
Figure 7.12 compares the <n> and <k> development of the monomodal LgSf latex to 
a blend with the addition of only 1 wt. % SmSf particles. In both, <n> starts off at the 
value of the refractive index of water (1.33), as would be expected since water is the 
primary phase at the surface during the early stages of film formation. As water 
evaporates, particles become more concentrated, causing an increase in the film 
density that is reflected by the increase of <n>. After about 20 min., drying nears 
completion, and the film becomes optically clear. In both the monomodal latex and 
the blend, <n> decreases as <k> increases. Microscopic results presented previously 
indicated that freshly-formed films do not consist of fully-coalesced particles but have 
significant interparticle voids. The decrease in <n> is consistent with the replacement 
of water - initially present in the interparticle space - by air voids. Since <n> is a 
combination of the refractive index of the polymer (n=1.489 at X= 500 nm) and air 
(n=l), an increase of air voids causes a reduction in <n>. The decrease of <n> 
corresponds to the lateral passage of the dryingfront in the film. The minimum in <n> 
is attributed to the completion of water evaporation. Thereafter, the particles are 
expected to eliminate the voids, provided that the particles are deformable. 
Coalescence of particles is indicated by a very gradual increase of <n> over several 
hours (coalescence front). <n> of a film prepared from LgSf particles measured by 
C) ellipsometry immediately after the water is evaporated, is - 1.2. After this film is aged 
at room temperature for four days, <n> increases to 1.41, which can be explained 
by a 
decrease in void content caused by particle coalescence. With further ageing of 
the 
film, the refractive index is expected to eventually reach its maximum value 
(1.489 at 
500 nm), when all the voids are eliminated and the film is fully dense. 
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Figure 7.12: (A) pseudo-refractive index (<n>) and (B) pseudo-extinction coefficient (<k>) 
as a function of time after latex casting for three different films. One set of data (0) was 
obtained from the raw data shown in Figure 7.11 for LgSf particles. Data obtained from the 
same particles film-formed at 60 'C are shown for comparison (0). Date obtained from a 
bimodal blend of 99 wt. % LgSf and I wt. % SmSf particles (A) are also plotted. All 
experiments were performed with a wavelength of 500 nm and Oi of 56'. 
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With the addition of just I wt. % small particles, Figure 7.12 shows that <n> 
decreases less upon film formation and <k> increases less. This finding is consistent 
with fewer interparticle voids and a smoother surface caused by small particles 
packing around the large ones. 
As a means of testing our interpretation of the data from dynamic scans, I compare the 
results from film formation of monomodal LgSf particles at room temperature to what 
is obtained at a temperature of 60 'C (40 'C higher than the minimum film formation 
temperature). At the elevated temperature, void coalescence is expected to proceed at 
an enhanced rate. Figure 7.12 shows that, in this case, <n> increases throughout film 
formation. This steady increase provides evidence that there is not significant void 
formation accompanying water loss. After 55 min., the index is close to the value of 
the fully-dense polymer (1.489 at 500 nm), indicating that particle coalescence is 
nearly complete. 
Figure 7.13 shows the evolution of <n> with time for different blends of Series I- 
Although both large and small particles of that series are soft, there is a dramatic 
difference in the <n> for different concentrations, which reflects significant 
differences in the content of bulk voids. In particular, below the critical concentration 
(Vj of 16.5 wt. % SmSf, the <n> exhibits a clear drop (drying front), which reflects 
significant voi&-content in the bulk of the film, as would be expected according to the 
AFM and SEM analysis (Figures 7.1 and 7.2). The drying front is then followed by a 
coalescence front, which causes an increase in the <n>. Figures 7.1 and 7.2 also 
indicate particle deformation at the areas of contact between neighbouring LgSf 
particles. At concentration of SmSf particles above the Vc the <n> increases gradually 
as a single drying front to a value close to the refractive index of a fully-dense 
polymer film (1.489 at 500 nm), indicating formation of a void-free film immediately 
after water evaporation. This observation is consistent with microscopic analysis 
(Figures 7.3 and 7.4), which indicate formation of a continuous phase of 
SmSf 
Particles surrounding the LgSf and eliminating the interparticle voids. This particle 
packing is considered to be responsible for the minimisation of voids 
in the bulk at 
concentrations above the critical concentration of 16.5 wt. % SmSf. 
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Figure 7.13: Dynamic evolution of the <n> during the film formation of bimodal blends of 
Series 1. Data were obtained from the monomodal large (0) and for bimodal blends of 99 (A), 
80 (0) and 56 (*) wt. % LgSf. 
Figure 7.14 illustrates the <n> of blends acquired from Series 2. All the blends 
presented in this Figure contain a certain amount of voids, which is reflected in the 
clear drop in <n>. The minimum value of the <n> following the drop depends on the 
volume fraction of voids apparent in the film. The higher the amount of voids the 
greater the magnitude of the drop in <n>. As can be shown in Figure 7.14, the addition 
of SmHd particles reduces the magnitude of the drop in <n>, which reflects a decrease 
in the volume fraction of voids, until the critical concentration of 16.5 wt. % SmHd 
particles is reached. At that concentration, although the <n> exhibits a clear drop, it 
does not drop quite as low as in the other blends. Therefore, although some voids are 
still present in the film, prepared from 16.5wt. % SmEd particles, this void volume 
concentration is probably the rmnimurn that can be achieved for Series 
2 films. When 
the concentration of SmEd particles exceeds the V, the void volume concentration 
increases again, indicated by an increase in the magnitude of the 
drop in <n>. These 
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observations are in agreement with the results shown in Figure 7.9, obtained by fitting 
the variable-angle scans to the model shown in Figure 3.2. 
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Figure 7.14: Dynamic evolution of <n> during film formation of bimodal blends of Series 
2. Plots are shown of blends of 95 (*), 90.3 (0), 83.5 (*), 74.7 (X) and 65-51 (-) wt. % 
LgSf with SmHd. The <n> exhibits a clear drop in all of the samples prepared from blends of 
Series 2, which reflects the presence of voids in the bulk of the film. The arrow indicates the 
<n> curve which corresponds to the critical volume concentration (Vj of 16.5 wt. % SmHd- 
All the films of Series 2 (Figure 7.14) showed a coalescence front immediately after 
the drying front. For clarity, in Figure 7.15, the <n> and <k> of a film prepared from a 
blend of 90.3 wt. % LgSf are plotted versus time after latex casting; the 
drying and 
coalescence fronts are clearly indicated. The coalescence front can be attributed to the 
deformation of LgSf particles, causing an increase in the <n> 
because of void 
shrinkage, as discussed above. 
168 
- 
Chapter 7: Film Formation of Latex Blends with Bimodal Particle Size Distiibution 
1.39 
1.38 
1.37 
1.36 
1.35 
1.34 
1.33 
1.32 
1.31 
1.3 
1.29 
1.28 
MEL 
xf a 
Drying Front 
0x Coalescence Front 
0 
14W ýK X K) qv. ) Ký XX 
dpI m 
A 
. 
V 
10 20 30 40 
Time after latex casting (min) 
Figure 7.15: Pseudo-optical constants (<n> (*) and <k> (M)) as a function of the time 
after latex casting acquired from a film prepared from a blend of 90.3 wt. % LgSf and 
9.7 wt. % SmSf. 
Figure 7.16 illustrates the effect of substituting SmHd for SmSf particles in bimodal 
blends containing approximately 91 wt. % large particles (Figure 7.16 A) and 
83.5 wt. % large particles (Figure 7.16 B). The same vertical axes are used in these 
two plots for ease of comparison. In the blends of Series I (LgSf and SmSf), there is a 
general upward trend in <n> during film formation. With 8 wt. % SmSf particles, 
there is a slight decrease in <n> at the onset of film formation, which can be 
interpreted as a result of air void formation. Quickly, however, <n> increases again, 
probably as particle coalescence proceeds and voids diminish. With 16.5 wt. % SmSf 
particles, in cOmParison, there is no evidence for a separate drying and coalescence 
front. Instead, <n> increases throughout the process and it quickly attains a value of 
-1.47, which is close to what is expected for a fully-dense 
film. This more efficient 
film formation is consistent with the measurements of void concentration presented 
previously in Figure 7.9. 
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Figure 7.16: <n> during the film formation of bimodal blends. Plots in (A) show data from 
a blend of 92.0 wt. % LgSf and 8.0 wt. % SmSf particles (Series 1) (A) in comparison to 90.3 
wt. % LgSf and 9.7 wt. % SmHd particles (Series 2) (0). Plots in (B) show data from blends 
of 83.5 wt. % large and 16.5 wt. % small particles in Series 1 (0) and Series 2 (X). The same 
axes are used for (A) and (B) for ease of comparison. 
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This finding complements the weight loss measurements performed by Peters et al. 
(1996). According to their results, at a concentration of 20 % SmSf , there is a 
continuous and linear increase of the drying rate with increasing solids percentage. 
They suggested that there is therefore a single drying mechanism for this blend, just as 
it was found in this work that there is a continuous change in optical constants. In 
monomodal systems and other blends, on the other hand, the drying rate changes after 
a certain solids concentration. The authors considered Croll's model of drying (Croll 
et al., 1986) and interpreted the change in the drying rate as a result of the transition 
layer (with small amounts of water in a porous structure) reaching the substrate. In the 
present work, evidence for voids at the surface, as expected in the Croll model were 
found. 
In the blends of Series 2 (LgSf and SmHd), the efficiency of film formation, as also 
indicated in Figure 7.16, is not as high. With both 9.7 wt. % and 16.5 wt. % small, hard 
particles, a significant drop in <n> suggests the formation of air voids with the drying 
of water. With a greater concentration of small particles (near Vc where the small 
particles form a continuous phase), the index drop is lower, which probably is because 
there is a lower concentration of voids. It should be noted that the scans of Series I 
and Series 2 blends differ dramatically, but their differences cannot be attributed to 
differences in either particle size or in concentration. The only difference between the 
two series is the relative hardness of the small particles. 
Figurez7.17 and 7.18 show the film formation characteristics of blends prepared from 
Series 3. When the concentration of LgHd particles is relatively small (10,20 and 25 
wt. % LgHd), then <n> exhibits a continuous and gradual increase, which reaches a 
plateau, indicating formation of a dense and void-free film following completion of 
water evaporation (Figure 7.17 A). This can be attributed to the formation of a 
continuous network of SmSf particles around the LgHd. In stark contrast, when the 
concentration of LgHd particles increases (30,50.5 and 55.5 wt. % LgHd), then <n> 
exhibits an abrupt drop (Figure 7.17 B). Referring back to the microscopy analysis 
(Figure 7.6 and 7.7A), the drop in <n> is a result of the formation of 
large voids and 
micro-cracks because of clustering of the LgHd particles. 
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Figure 7.17: <n> during film formation of bimodal blends of Series I Plots in (A) show 
data from a blend of 10 (0), 20 (x) and 25 (0) wt. % LgHd with SmSf particles- The <n> 
exhibits a continuous increase. Plots in (B) show data from 30 (*), 50.5 (A) and 55.5 (0) 
Wt. % LgHd. A clear drop in <n> in all the blends is shown. The minimum value of <n> 
decreases with increasing concentration of LgHd particles. 
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Figure 7.18 compares blends of SmSf particles with relatively small (10 and 25 wt. c1c 
LgHd) and large (50.5 and 55.44 wt. % LgHd) concentration of the non-film forming 
I 
phase. For relatively small concentrations of LgHd particles a single drying front is 
observed, whereas for relatively large concentration of LgHd a drop in <n> is 
apparent. Interestingly, the drying front is not followed by a coalescence front, as seen 
above for blends of Series I (Figures 7.12 and 7.13) and Series 2 (Figures 7.14 and 
7.15). The lack of coalescence front and the high <n> value obtained with 10 and 25 
wt. % LgHd particle blends, indicate that coalescence occurs simultaneously with 
water evaporation. Indeed, the SmSf particles are expected to deform in water, due to 
capillary forces (Brawn et al., 1956). The large particles, on the other hand, do not 
deform under the influence of water and deformation at room temperature via "dry- 
sintering" is also excluded. 
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Figure 7.18: <n> during film formation of bimodal blends from Series 3. Blends of 10 
25 (0), 50.5 (A) and 55.4 (0) wt. % LgHd particles are shown. 
Figure 7.19 compares the film formation of two different Series. 
Bimodal blends 
containing approximately 50 wt. % large particles are compared: one composed 
of 
LgSf and SmSf particles (Series 1) and the other composed of 
LgHd and SmSf 
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particles (Series 3). A scan obtained from monomodal SmSf particles is shown for 
companson. 
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Figure 7.19: <n> during the film formation of bimodal blends and a monomodal small latex 
dispersion. Plots show data from a blend of 56.0 wt. % LgSf and 44 wt. % SmSf particles 
(Series 1) (A) in comparison to a blend of 50.0 wt. % LgHd and 50.0 wt. % SmSf particles 
(Series 3) (A). Data from a monomodal latex of 50 nm soft particles (SmSf) is shown for 
comparison (+). 
As expected, the monomodal soft particles form films with maximum density almost 
immediately upon water evaporation, as indicated by the sharp rise in <n> to about 
1.49. With the addition of 50 wt. % LgSf particles, AFM analysis reveals a matrix of 
coalesced small particles surrounding isolated large particles (Figure 7.7 B). Figure 
7.19 shows that the behaviour of this blend is nearly identical to the monomodal latex. 
The small particles apparently dominate the film formation characteristics by making 
a dense continuous phase, and LgSf particles do not interrupt it. In contrast, a similar 
concentration of LgHd particles has a substantial impact on the film formation. There 
is a marked drop in <n> at the onset of film formation, which can be explained by 
voids being formed within clusters of LgHd particles, as observed with AFM (Figure 
7.7 A). 
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7.4 Further Discussion 
The dynamic ellipsometry analysis of films prepared from bimodal blends of soft 
particles during the early stages of film formation reveals significant differences as the 
concentration of small particles is varied. Comparison of the data in Figures 7.11, 
7.13 and 7.16 allows one to see the trend in Senes I blends with increasiner 
concentrations of LgSf particles. When the concentration of small particles is above 
V, such as in the 56 wt. % LgSf / 44 wt. % SmSf blend (Figure 7.13), there is a sharp 
and steady increase in <n> near the end of the drying period. At the end of drying, a 
plateau value of <n>, corresponding to the value of a dense film, is obtained. At 
concentrations of SmSf particles below V, e. g. 8 wt. % (Figure 7.16 A), I wt. % 
(Figure 7.12) and 0 wt. % (Figure 7.12) SmSf, there is a clear drop in <n> upon 
completion of drying, possibly indicative of the formation of air voids with water loss. 
This drop is followed by an increase in <n> over time, which results from the decrease 
in void concentration caused by particle coalescence. This so-called coalescence front 
is most obvious in the 92 wt. % LgSf /8 wt. % SmSf (Figure 7.16 A) blend in which 
the drop in <n> is small and is followed immediately by a sharp rise. At or above a 
concentration of 16.5 wt. % SmSf particles, which is approximately the value of Vc 
for this size ratio, <n> increases steadily with time and shows no evidence for a 
separate drying and coalescence front. The high value of <n> that shows a very slight 
increase over time, which is observed in Figure 7.13, indicates that, although low in 
concentration, voids close over time. AFM and SEM analysis of this film morphology 
(Figure 7.3 and 7.4) reveals efficient film formation, in support of the ellipsometry 
data. In all cases in which there is evidence for voids, <n> and <k> change steadily 
with time. Thus, the initial differences between latex blend films narrow with passing 
time. 
Dynamic analysis of Series 2 films (LgSf and SmHd particles) reveals that for all of 
the samples analysed, a drying front (defined by a drop in <n>) is followed 
by a 
coalescence front (defined by a gradual rise in <n>) (Figure 7.14,7.15 and 7.16). 
This 
result indicates that air voids develop during the drying of particles. 
The volume 
fraction of voids is a function of the concentration of small particles. 
At a 
concentration of 16.5 wt. % SmEd particles, the magnitude of the 
drop in <n>, and 
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hence the void content, is rrnnimised (Figure 7.9). Variable angle ellipsometry 
provides a reliable, quantitative measurement of both surface roughness and void 
content that is consistent with these findings from the dynamic scans. The conclusions 
for films containing LgSf particles (Series 1 and 2) are summarised in Figure 7.20. 
+20 wt. % SmSf 
Monomodal LgSf 
+10 wt. % Smsf 
/+ 
20 wt. % SmHd +20 v 
\ 
+10 wt. % SmHd 
Figure 7.20: Schematic illustration of various morphologies in bimodal blend films based 
on LgSf particles (Series I and 2) above and below V, for this size ratio. The particle sizes 
are not drawn to scale. 
As can be seen in Figure 7.20, when the concentration of small particles Is at or above 
V,, the large particles do not deform from their spherical shape but are separated 
from 
each other by small particles. The film formation behaviour of the small particles then 
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determines the void content in the film. When the concentration of small particles is 
below Vc, the interparticle space of the large particles is not completely filled by the 
small particles. Consequently, with both hard and soft small particles, voids are 
present in the film, but even more so with the former. 
When the small particles are soft, they form a continuous matrix at concentrations 
above Vc. In contrast, when the small particles are hard, they introduce new voids at 
concentrations above this value. Thus, with the addition of SmHd particles to Lc,, rSf 
particles, there is a gradual transition from the situation in which voids between the 
partly-deformed, 300 nm particles are dominant to a situation in which a greater 
number of small voids between 50 nm particles is dominant. With 16.5 wt. % SmHd 
particles, which is near Vc, the voids concentration due to the two types of particles 
achieves a minimum. 
Figure 7.21 compares the morphologies of Series 3 films. Clusters of LgHd particles 
create air voids and subsequent film opacity. No evidence of clustering of LgSf 
particles was seen. If they do cluster, however, particle coalescence would cause a 
decrease in the void size formed, whereas hard particles create larger voids. Clustering 
of LgHd particles (based on polysterene) in a continuous soft matrix of SmSf particles 
(based on a copolymer of utylmethacrylate and utylacrylate) has been Investigated 
recently (Tang et al., 1999). The authors presented experimental evidence, provided 
by SEM, suggesting that when the density of the carboxyl groups at the surface of the 
LgHd particles is low (10% surface coverage) then an even distribution of the LgHd 
particles is observed, while when the density is high, the distribution of the LgHd 
particles becomes less uniform. Neutralisation of the carboxyl groups improves the 
distribution of the large/hard particles. Addition of SDS also improves the distribution 
but surfactant migration at the surface is observed. Carboxyl groups are present at the 
surface of the particles used for this work and therefore, they are probably responsible 
for the clustering of the LgHd. 
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Figure 7.21: Schematic illustration of the clustering of LgHd particles in a blend with SmSf 
particles (Series 3) leading to the creation of large air voids. 
As mentioned in Chapter 2 (Paragraph 2.6), a number ratio of large to small particles 
of 1: 1 is required to achieve a colloidal crystal with the sodium chloride or zincblende 
structures. With the particle size ratio of 6: 1 used here, such a crystal is geometrically 
feasible, provided that there are about 99 wt. % large particles (as required for a 1: 1 
number ratio according to Table The ellipsometry analysis of 99 wt. % large 
bimodal blend films reveals a significant fraction of voids, thereby indicating that the 
optimum packing of a colloidal crystal was unsurprisingly not achieved. 
Finally, /. why ellipsometry indicates significant void content in monomodal 
LgSf films but much less in SmSf films. The driving force for film formation is 
proportional to the inverse of the particle size, according to descriptions of film 
formation driven by capillary forces (Keddie, 1997) (Routh et al., 1999). The greater 
curvature and higher surface area of small particles are expected to encourage 
film 
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formation and thereby lead to films with lower void content. Previous workers (Jensen 
et al., 1991) have demonstrated that smaller particles have a lower MFT for these 
reasons. In latex dispersion of larger particles, poorer film formation and a greater 
void fraction at a given time are expected in comparison to an identical latex with 
smaller particles. Thus, polymer particles with the same glass transition temperature 
and presumably the same mechanical properties but different sizes (LgSf and SmSf) 
form films with differing void concentrations. Blends dominated by LgSf particles 
have a high void fraction, whereas films containing a fraction of SmSf particles 
greater than Vc have a much lower void fraction, as seen for Series I in Figure 7-9. 
Increasing the SmHd particles of Series 2 above about 16.5 wt. % (i. e. above Vj, in 
stark contrast, leads detrimentally to higher void content. 
7.5 Concluding Summary 
I have presented evidence that achieving the critical volume fraction of small particles 
required for continuity in bimodal latex blends can be correlated to the creation of a 
film with low void content. For the ratio of large: small diameters studied here (ca. 
6: 1), above a volume fraction of small particles of about 0.18, the theory of continuity 
predicts that a continuous phase of small particles is formed. At about this same 
fraction of small particles in bimodal blends of soft particles, a transition between 
films with higher void contents and those with lower void contents was found. If the 
small particles are hard (i. e. non-film-forming), the void fraction attains a minimum at 
Vc. At higher concentrations of SmHd particles, instead of merely filling the void 
space between the large particles, the small particles create additional voids in the 
matrix surrounding the large particles. Additionally, films cannot be formed with high 
weight fractions of large hard particles. At relatively low concentrations (30 wt. %), 
the hard particles form clusters that create air voids and nano-cracks. It is therefore not 
possible to obtain a film consisting of isolated large hard particles surrounded by a 
matrix of film-formed soft particles at the Vc value of ca. 18.5 wt. %. 
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Future Work 
In the experimental work presented in Chapter 4, RBS was used to detect sulphur, 
which was present in the surfactant and the initiating salt. Therefore, in the depth 
profiling experiments presented in this work, the combined distribution of surfactant 
and salt in the film was determined. In the future a latex synthesised with a 
phosphated surfactant can be used. In that way, a depth profile of sulphur, which 
would be present in the salt, can be determined separately from the depth profile of 
phosphorus, which would be present in the surfactant. 
In Chapters 4 and 5, Lateral Force Microscopy (LFM) and phase mode AFM were 
used to perform frictional and viscoelastic mapping of the surface, respectively. This 
mode of imaging revealed the existence of surfactant features at the air surface even 
in cases when topographical informations were inconclusive. Nevertheless, both 
friction and phase images are influenced by the surface topography. Thus, it is not 
straightforward, in some cases, to determine if the phase contrast originates from the 
topographical or the viscoelastic contribution. One such case is at particle/particle 
interfaces, which exhibit contrast because of the topographical information. 
Additionally, surfactant species can also be located at the particle interstices, thus it is 
difficult to determine whether the contrast originates from surfactant species or 
topography. In this work, the surface was rinsed with de-ionised water and the water- 
soluble surfactant was removed from the interfaces. Thus, I was able to say that 
indeed surfactant is present at the interfaces. In the future, a different non-invasive 
method of analysing the micro-mechanical and viscoelastic properties of the surface 
would be required. Force Modulation Microscopy (FMM), which performs mapping 
of the mechanical properties of the surface, can shed some light on that issue. By 
varying the force applied on the surface during the scan and by using a suitable 
cantilever, additional mechanical information could be revealed. Furthermore, 
functionalising the tip with surfactant or other molecules that interact with surfactant 
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could provide a chemical mapping of the surface, which would be particularly 
sensitive to the areas rich in surfactant. 
In Chapter 6, the experimental evidence, provided by TGA, suggests that films 
prepared from low molecular latex dispersions, are plastIc'sed by water. The 
improved film formation characteristics (minimum void volume concentration and 
surface roughness), indicated by ellipsometry and AFM, were attributed to the 
plasticisation effect of water. In the future, further experimentation can be performed 
using Fourier Transform IR spectroscopy (FTIR) or ion beam analysis in order to 
confirm the plasticisation effect, by detecting the amount water present in the film as 
a function of the molecular weight. 
In Chapter 7 the packing of bimodal latex dispersions was discussed. AFM analysis of 
the surface indicated that the large/hard particles tend to cluster, forming voids, which 
scatter light and cause film opacity. The existence of voids that were small in number 
but large in size was detected by ellipsometry and transmission measurements. 
Surprisingly, clustering was detected only between the large/hard particles and not the 
large/soft. Very recently other workers (Tang et al., 1999) observed similar 
phenomena of clustering of large/hard particles in a continuous matrix of small and 
soft particles and they attributed these phenomena to the density of carboxyl groups at 
the surface of the large/hard particles. They provided experimental evidence 
suggesting that high carboxyl coverage causes large/hard particle clustering and thus 
an increase in the surface roughness. In contrast, low coverage by carboxyl groups or 
neutralisation of carboxyl groups decreases the surface roughness. The coverage of 
the large/hard particle in carboxyl groups might be the reason for clustering of the 
large/hard particles in this work as well. In the future it would be worthwhile to repeat 
the ellipsometry, transmission and AFM measurements of blends of large/hard and 
small/soft particles after neutralisation of the carboxyl groups present at the surface of 
the large/hard particles. The clustering should disappear and create a more uniform 
distribution of the large/hard particles in the soft matrix. Post-addition of surfactant 
could also improve the distribution uniforrfflty of the large/hard particles, which is 
another area that should be investigated further. Even if there are some voids present 
in the bulk they should be smaller and more uniforrnly distributed creating a film with 
smaller surface roughness and void content. 
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